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Chloridoideae is one of the largest subfamilies of Poaceae, containing many species of great economic and ecological value; however, phylogenetic relationships among the subtribes and genera of Cynodonteae are controversial. In the present study, we combined 111 plastomes representing all five tribes, including 25 newly sequenced plastomes that are mostly from Cynodonteae. Phylogenetic analyses supported the five monophyletic tribes of Chloridoideae, including Centropodieae, Triraphideae, Eragrostideae, Zoysieae and Cynodonteae. Simultaneously, nine monophyletic lineages were revealed in Cynodonteae: supersubtribe Boutelouodinae, subtribes Tripogoninae, Aeluropodinae, Eleusininae, Dactylocteniinae, supersubtribe Gouiniodinae, Cleistogenes and Orinus, and subtribe Triodiinae. Within the tribe of Cynodonteae, the basal lineage is supersubtribe Boutelouodinae and Tripogoninae is sister to the remaining lineages. The clade formed of Aeluropodinae and Eleusininae is sister to the clade composed of Dactylocteniinae, supersubtribe Gouiniodinae, Cleistogenes and Orinus, and subtribe Triodiinae. The clade comprising Dactylocteniinae and supersubtribe Gouiniodinae is sister to the clade comprising Cleistogenes, Orinus, and Triodiinae. Acrachne is a genus within Eleusininae but not within Dactylocteniinae. Molecular evidence determined that Diplachne is not clustered with Leptochloa, which indicated that Diplachne should not be combined into Leptochloa. Cleistogenes is sister to a clade composed of Orinus and Triodia, whereas the recently proposed subtribe Orininae was not supported. Cynodonteae was estimated to have experienced rapid divergence within a short period, which could be a major obstacle in resolving its phylogenetic relationships. Ancestral state reconstructions of morphological characters showed that the most recent common ancestor (MRCA) of Chloridoideae has a panicle, multiple florets in each spikelet, the peaked type of stomatal subsidiary cells, and a saddle-shaped phytoliths, while the ancestral morphological characters of Cynodonteae are the panicle, peaked type of stomatal subsidiary cells, sharp-cap cell typed and equal-base-cell microhair, and square-shaped phytoliths. Overall, plastome phylogenomics provides new insights into the phylogenetic relationships and morphological character evolution of Chloridoideae.
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Introduction

Chloridoideae (Poaceae, Poales) was established by Beilschmied (1833). This subfamily is comprised of more than 1400 species in approximately 140 genera all around the world, which are mainly distributed in arid tropical and subtropical regions (Watson and Dallwitz, 1992; Clayton et al., 2008). Many species in Chloridoideae have important economic and application value. Some species of this subfamily are important crops, such as Eragrostis tef (D’Andrea, 2008; Zhu, 2018; Gelaw and Qureshi, 2020) and Eleusine coracana (Chandrashekar, 2010; Devi et al., 2014; Chandra et al., 2016). There are also some common landscaping plants, such as bermuda grass (Cynodon dactylon) (Taliaferro, 1995) and Janpanese lawn grass (Zoysia japonica) (Croce et al., 2001). In Chloridoideae, the majority of species use the C4 photosythetic pathway, so this family is an important group for studying the evolutionary transition from C3 to C4 photosynthesis in grasses (GPWG II, 2012). Microhairs have been observed in many subfamilies of Poaceae as a micromorphological characteristic of the leaf epidermis of grasses, but only function as salt glands in Chloridoideae (Amarasinghe and Watson, 1989; Ramadan, 2001; Chen et al., 2003; Kobayashi et al., 2007). It is suggested that salt glands play important roles in secretion (Marcum et al., 1998). Chloridoideae is useful for studying tolerance to different kinds of abiotic stresses in grasses (Marcum, 1999; Subudhi and Baisakh, 2011; Huang et al., 2017; Wang et al., 2020).

Chloridoideae shows great morphological diversity, especially in inflorescence, spikelet and micromorphology (Liu et al., 2010; Pilatti et al., 2018; Pilatti et al., 2019). These morphological characters are also important taxonomic features to classify Chloridoideae taxa (Clayton, 1982). An inflorescence consists of a group of flowers or clusters of flowers arranged on a stem. Inflorescence of Chloridoideae ranged from loose or dense panicles with a large number of spikelets to simple, single-spikelet inflorescences (Pilatti et al., 2018). It is difficult to analyze the inflorescence evolution pattern because of the complexity (Doust and Kellogg, 2002). Spikelets are novel and developmentally integrated structure in Poaceae (Wang et al., 2022). They are highly specialized structure and are basic units of grass inflorescences (Wang et al., 2022). In Chloridoideae, spikelets may be single- or many-flowered and they may be composed of unisexual, bisexual or both types of flowers (Watson and Dallwitz, 1992; Kinney et al., 2008). In addition to macromorphological characters, micromorphological characters are also very important in Chloridoideae classification. It is reported that patterns of the lemma micromorphology are a useful tool in taxonomy of the Middle Asian Eragrostis species (Poaceae) (Wróbel et al., 2017). Grasses have a unique stomatal structure with elongated dumbbell-shaped guard cells and two subsidiary cells (Stebbins and Shah, 1960). Microhairs are bicellular strctures in most taxa of Poaceae (Marcum et al., 1998; Marcum, 1999). A bicellular microhair is composed of a basal cell and a cap cell (Oross and Thomson, 1982b; Barhoumi et al., 2008). Morphology of stomata and microhairs may play important roles in stress tolerance in Poaceae. Silica entered into plants through roots and deposited as inclusions within the cells, they are usually termed as phytoliths or silica bodies. Phytoliths have proved to be a potential tool in palaeoecological studies and Chloridoideae taxa identification (Jattisha and Sabu, 2012). The study of these morphological characters will eventually contribute to functional study.

Molecular phylogenetic studies showed that Chloridoideae is a monophyletic group within the PACMAD clade and is sister to the subfamily Danthonioideae (GPWG II, 2012; Soreng et al., 2015; Soreng et al., 2017; Saarela et al., 2018). It is difficult to elucidate phylogenetic relationships within Chloridoideae. In the most recent classification study of Chloridoideae, Chlorodoideae was classified into five tribes, including Centropodieae, Triraphideae, Eragrostideae, Zoysieae, and Cynodonteae (Peterson et al., 2011; Stull et al., 2015; Soreng et al., 2017). Centropodieae was newly established based on the nature of monophyly and its photosynthetic mode (Peterson et al., 2011). The phylogenetic relationships among the five tribes have been confirmed in phylogenetic studies (Peterson et al., 2011; Peterson et al., 2012; Duvall et al., 2016; Zhang et al., 2016; Peterson et al., 2017). Centropodieae and Triraphideae are successively diverged groups of Chloridoideae. Zoysieae and Cynodonteae are sister groups, and Eragrostideae is the sister clade to the clade composed of Zoysieae and Cynodonteae.

Cynodonteae is recognized as a derived and species-rich group of Chloridoideae. Peterson et al. (2010) recognized 13 monophyletic subtribes of Cynodonteae in a phylogenetic tree based on plastid and ITS sequences, including Aeluropodinae, Triodiinae, Orcuttiinae, Tridentinae, Eleusininae, Tripogoninae, Pappophorinae, Traginae, Hilariinae, Monanthochloinae, Boutelouinae, Scleropogoninae and Muhlenbergiinae. Soreng et al. (2015) established six subtribes (Gouiniinae, Cteniinae, Trichoneurinae, Perotidinae, Farragininae, and Gymnopogon) and discarded Tridentinae when compared with the classification of Peterson et al. (2010). In the most recent classification study, Soreng et al. (2017) recognized four new subtribes (Dactylocteniinae, Orininae, Hubbardochloinae, and Zaqiqahinae) and established two supersubtribes (supersubtribe Bouteloudinae and supersubtribe Gouiniodinae). Supersubtribe Bouteloudinae includes Boutelouinae, Hilariinae, Monanthochloinae, Muhlenbergiinae, Scleropogoninae and Traginae. Supersubtribe Gouiniodinae includes Cteniinae, Farragininae, Gouiniinae, Hubbardochloinae, Perotidinae, Trichoneurinae and Zaqiqahinae. Phylogenetic relationships among subtribes of Cynodonteae are not well resolved, and contain weakly supported and conflicting relationships (Peterson et al., 2010). The topology of intersubtribe phylogenetic trees based on ITS, plastid and combined sequences are similar, but there are still some incongruences, such as between Aeluropodininae and Eleusininae (Soreng et al., 2015; Soreng et al., 2017).

Chloroplasts are important organelles in plant cells (Leister, 2003; Lancien et al., 2006). The plastomes of angiosperms usually have a typical quadripartite structure with two inverted repeat (IR) regions separated by a large single-copy (LSC) region and a small single-copy (SSC) region (Jansen and Ruhlman, 2012). (Hubbard, 1936; Stull et al., 2015; Attigala et al., 2016; Uribe-Convers et al., 2017). With the rapid development of next-generation sequencing technology, plastomes have been increasingly adopted in grass phylogenetic studies (Liu et al., 2020a; Orton et al., 2021). For Chloridoideae, Duvall et al. (2016) applied plastome data to resolve the phylogenetic relationships of tribes and genera. The plastomes of Eragrostideae were compared and used to study intergeneric phylogenetic relationships (Somaratne et al., 2019; Teshome et al., 2020; Liu et al., 2021a). Wang et al. (2021) provided new insights into the inter- and intrageneric phylogenetic relationships of Cleistogenes based on plastome phylogenomics. In addition, molecular dating analyses based on plastome phylogeny revealed the dispersal path of tetraploid and hexaploid lineages of Spartina (Rousseau-Gueutin et al., 2015).

In this study, we newly sequenced 25 Chloridoideae plastomes. The purpose of this study was to 1) explore the phylogenetic relationships among tribes of Chloridoideae, especially among the subtribes and genera of Cynodonteae; 2) discuss the causes of the complex intersubtribe relationships of Cynodonteae; and 3) reconstruct the ancestral morphological character of Chloridoideae and Cynodonteae.



Materials and methods


Taxon sampling, DNA extraction, and sequencing

Taxon sampling was guided by the recent classification of Poaceae (Soreng et al., 2015; Soreng et al., 2017). A total of 111 plastomes representing 111 taxa (including three outgroups) were used as plant materials in the present study. These taxa belong to five tribes of Chloridoideae. Among them, 25 plastomes were sequenced in the present study, 15 plastomes were sequenced in Wang et al. (2021), a plastome (Harpachne harpachnoides) in Liu et al. (2021a), a plastome (Eleusine coracana) in Liu et al. (2021b) and 69 plastomes were downloaded from NCBI (Table S1). Voucher information of 25 newly sequenced Chloridoideae taxa is shown in Table 1. Total DNA was extracted from dried leaves that were collected in the field. Voucher specimens and silica-dried leaves were stored at the College of Life Sciences, Shandong Normal University (SDNU), Ji’nan, China. Total genomic DNA was extracted using a modified CTAB method (Doyle and Doyle, 1987). DNA quality and concentrations were examined by gel electrophoresis and a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, USA) to examine the quality and integrity of DNA. Final DNA concentrations of samples over 30 ng/µL could be used for sequencing. Total genomic DNA was used to construct sequence libraries following the manufacturer’s protocol. Paired-end (PE) sequencing libraries were sequenced using the Illumina NovaSeq platform at Novogene (Beijing, China).


Table 1 | Voucher information of 25 newly sequenced Chloridoideae taxa.





Plastome assembly and annotation

Plastomes were assembled using GetOrganelle v1.7.4.1 (Jin et al., 2020) with SPAdes v3.12.0 as the internal assemble (Bankevich et al., 2012). The k-mers were 61, 81, 101 and 121. All paired reads were mapped to assembled plastomes with Bowtie v2.3.2 with the local-sensitive option (-D 15 -R 2 -N 0 -L 20 -i S,1,0.75) to validate the plastomes assembly. PGA (Plastid Genome Annotator) was used for plastome annotation (Qu et al., 2019). During plastome annotation, the plastome of Amborella trichopoda was used as a reference. Manual corrections were conducted after annotation using Geneious v9.1.4 (Kearse et al., 2012). It showed that there are some errors exist in the annotation of the plastome available in a public database (Amiryousefi et al., 2018; Abdullah et al., 2021). For a good comparasion, plastome sequences downloaded from the NCBI database should be reannotated using an approach similar to plastomes sequenced in the present study.



Phylogenetic analysis

Phylogenetic trees were constructed based on three datasets (protein-coding genes, noncoding regions and complete plastomes). Protein-coding genes and noncoding regions were extracted separately using a Perl script. MAFFT v7.313 was applied in sequence alignment (Katoh and Standley, 2013). The maximum likelihood (ML) tree was constructed using RAxML v8.2.10 (Alexandros, 2014) with 1,000 bootstrap replicates and the GTRGAMMA model. The Bayesian inference (BI) tree was constructed using MrBayes v3.2.6 with Markov chain Monte Carlo (MCMC) run for 1,000,000 steps with a random starting tree, and one tree was sampled every 1,000 steps. The first 25% steps were discarded as burn-in. Species tree analysis was performed with ML in RAxML and the multispecies coalescent summary method in ASTRAL v.5.6.3 (Mirarab et al., 2014). The branch was described as strong support when BS≥80 or PP≥0.95; moderate support when BS≥60 or 0.95≥PP≥0.85; and weak support otherwise.



Divergence time estimations

Divergence time was estimated for each internal node of the phylogenetic tree. A relaxed clock method and penalized likelihood were involved in dating analyses using treePL (Sanderson, 2002; Smith and O’Meara, 2012). A smoothing parameter of 100 was determined using the cross-validation option, and priming was used to determine the best optimization scores. A total of 1,000 ML bootstrap trees with branch lengths were generated using RAxML (Alexandros, 2014). The maximum age of Centropodieae and the core Chloridoideae crown node was assigned as 43 million years ago (Ma) (Rousseau-Gueutin et al., 2015). The minimum age of Centropodieae and the core Chloridoideae crown node was assigned as 32 Ma (Liu et al., 2011). The minimum age of the Zoysieae and Eragrostideae crown nodes was assigned as 25.3 Ma (Liu et al., 2011). The minimum age of the Zoysieae and Cynodonteae crown nodes was assigned as 22.5 Ma (Vicentini et al., 2008). The minimum and maximum ages for the internal nodes were calculated from dating 1,000 bootstrap trees by using treePL and Tree Annotator v1.8.495 (Drummond et al., 2012).



Ancestral state reconstruction of Chloridoideae

A total of 51 Chloridoideae taxa were included in this analysis (Table S3). Inflorescence and spikelets were observed using Olympus SZ51 (Olympus, Japan). The observation of stomatal subsidiary cells, microhairs and phytoliths on the leaf epidermis was performed on a Hitachi TM3030 (Hitachi, Japan). Mesquite v2.75 (Maddison, 2008) was used to infer the ancestral state reconstructions of Chloridoideae. Ancestral state reconstructions were carried out using the maximum likelihood method with an equal-rate model (Mk1, single rate of transition for both forward and backward change). This analysis was based on the topology of the BI tree. Centropodia glauca was used as an outgroup. Characters were unordered and equally weighted. Morphological characters and their state were coded as follows: (a) inflorescence type: panicle (1), raceme (2), panicle composed of spikes (3), panicle composed of racemes (4), spike (5); (b) spikelet type: one floret in each spikelet (1), two florets in each spikelet (2), multiple florets in each spikelet (3); (c) stomatal subsidiary cell shape: peaked type (1), low-domed type (2), flat-top type (3); (d) microhair type: enneapogonoid type (1), long-base cell microhair with sharp-cap cell (2), long-base cell microhair with round-cap cell (3), long-base cell microhair with non-constricted base (4), narrow equal-base-cell microhair (5), well-proportioned equal-base-cell microhair with sharp-cap cell (6), short equal-base-cell microhair with round-cap cell (7); (e) phytoliths: square (1), two-lobed with no obvious rod-like structure (2), short dumbbell type with square lobes (3), four-lobes, cross (4), oval (5), saddle (6), short dumbbell type with round lobes (7), long dumbbell type with round lobes (8).




Results


Features of Chloridoideae plastomes

Features of 108 Chloridoideae plastomes were shown in Table S4. The Chloridoideae plastomes varied in length from 130,773 bp (Eragrostis tenellula) to 138,504 bp (Distichlis spicata). They had typical circular quadripartite structures, like those of most angiosperms, consisting of a pair of inverted repeat (IR) regions (19,134-21,225 bp) separated by the LSC regions (77,993 bp-83,456 bp) and the SSC regions (12,302 bp-12,762 bp). The whole GC content of these 109 plastomes were very similar (38.1%-38.5%). In most species, a total of 130-132 genes (110-112 unique genes) were annotated, including 84-86 protein-coding genes (76-78 unique protein-coding genes), 38 tRNA genes and eight rRNA genes. There is a loss of rps15 in Eragrostis tenellula. The gene trnN-GUU has two copies located in IR regions separately in most species, however, there is another copy located in the LSC region in Distichlis spicata. Seven protein-coding genes (rps19, rpl2, rpl23, ycf2, ndhB, rps7, rps15), eight tRNA genes (trnH-GUG, trnI-CAU, trnL-CAA, trnV-GAC, trnI-GAU, trnA-UGC, trnR-ACG, trnN-GUU) and four rRNA genes (rrn16, rrn23, rrn4.5, rrn5) were duplicated in most species. Ten genes contain introns, eight of them (atpF, ndhA, ndhB, petB, petD, rpl2, rpl16, rps16) have one intron, and two of them (rps12, ycf3) have two introns.



Phylogenetic analysis

Maximum likelihood and Bayesian inference phylogenetic analyses using three datasets (protein-coding genes, noncoding regions and complete plastomes) generated identical topologies for Chloridoideae (Figures 1, S1, S2). Five tribes were recovered in the phylogenetic study of Chloridoideae (Figures 1, S1, S2). As shown in Figure 1, Cynodonteae and Zoysieae are sister groups with bootstrap (BS) values of 100 and posterior probability (PP) values of 1. The Cynodonteae-Zoysieae clade is sister to Eragrostideae (BS=100, PP=1). The clade composed of Cynodonteae, Zoysieae and Eragrostideae is sister to Triraphideae (BS=100, PP=1). Centropodieae is sister to the clade composed of four other tribes of Chloridoideae (BS=100, PP=1). The monophyly of Cynodonteae is strongly supported (BS=100, PP=1), and a total of nine major lineages are identified within the tribe Cynodonteae (Figure 1). For Cynodonteae, the first diverged lineage is supersubtribe Boutelouodinae (BS=100, PP=1), which includes Tragus, Hilaria, Muhlenbergia, Distichlis and Bouteloua. Tripogoninae is the second-diverged lineage (BS=100, PP=1), which includes Desmostachya, Melanocenchris, Halopyrum, Tripogonella, Oropetium and Tripogon. The third diverged lineage is Eleusininae and Aeluropodinae (BS=100, PP=1). In Eleusininae, Diplachne fusca and Acrachne racemosa are the successive early diverging groups. Leptochloa is not a monophyletic group. The fourth diverged lineage is the clade composed of Dactylocteniinae and the supersubtribe Gouiniodinae (BS=98, PP=1). The fifth diverged lineage is the clade comprising Cleistogenes, Orinus, and Triodia (BS=81, PP=1). In this clade, Cleistogenes is sister to the clade composed of Orinus and Triodia. The species tree has a similar topology to the ML and BI tree except for the phylogenetic positions of the clade comprising supersubtribe Gouiniodinae and Dactylocteniinae and the clade composed of Eleusininae and Aeluropodinae; however, these two clades have not been resolved (Figure 2).




Figure 1 | Phylogenetic relationships of Chloridoideae inferred from maximum likelihood (ML) and Bayesian inference (BI) based on 111 complete plastomes (excluding one copy of the inverted repeat (IR)). Support values marked above the branches follow the order bootstrap value (BS)/posterior probability (PP).






Figure 2 | Phylogeny estimated under the multispecies coalescent with ASTRAL from ML gene trees. Values above internodes are bootstrap values (BS).





Divergence time estimations

The results of divergence time estimations are shown in Figure 3 and Table S2. Chloridoideae was estimated to have originated 55.18 million years ago (54.44-63.35 Ma), Centropodieae at 43 Ma (42.87-43 Ma), Triraphideae at 35.24 Ma (34.83-37.05 Ma), Eragrostideae at 33.29 Ma (32.76-35.29 Ma), Zoysieae at 29.98 Ma (29.49-32.28 Ma), and Cynodonteae at 25.92 Ma (25.45-28.79 Ma). The diversification of tribes was estimated to have begun at 43 Ma (42.87-47-43 Ma), followed by Triraphideae at 8.59 Ma (8.17-17.13 Ma), Eragrostideae at 22.98 Ma (22.49-26.07 Ma), Zoysieae at 18.54 Ma (17.79-21.56 Ma), and Cynodonteae at 25.91 Ma (25.45-28.79 Ma).




Figure 3 | Divergence time estimation of Chloridoideae based on the complete plastome. The numbers next to nodes indicate the estimated median ages of the nodes while the blue bars correspond to the 95% highest posterior density (HPD) of the estimated ages.



Nine lineages of Cynodonteae diverged during the period from the late Oligocene to the early Miocene (20.31-28.79 Within Cynodonteae, supersubtribe Boutelouodinae diverged first (25.91 Ma, 25.45-28.79 Ma). The Tripogoninae stem age was 23.58 Ma (23.08-28.46 Ma) and diverged after supersubtribe Boutelouodinae. The divergence of the Eleusininae-Aeluropus clade was estimated around 22.13 Ma (21.76-27.96 Ma). The split between Eleusininae and Aeluropodinae was estimated around 21.66 Ma (20.77-27.67 Ma). Eleusininae began to diversify at 17.83 Ma (17.35-23.7 Ma). The clade composed of supersubtribe Gouiniodinae and Dactylocteniinae diverged at 21.93 Ma (21.46-27.04 Ma). The split between supersubtribe Gouiniodinae and Dactylocteniinae was estimated at 21.44 Ma (21.05-27.33 Ma). The divergence time of the Cleistogenes-Orinus-Triodia clade was estimated at 20.8 Ma (20.31-27.58 Ma). Cleistogenes was estimated to have diversified only recently around 1.87 Ma (1.61-9.57 Ma). The Orinus-Triodia clade was estimated to have diverged at 17.93 Ma (17.49-24.33 Ma).



Ancestral state reconstructions of Chloridoideae

There are five types of interactions in Chloridoideae, including panicle, spike, raceme, panicle composed of spikes, and panicle composed of racemes. The panicle is mainly found in Eragrostideae, Zoysieae, and the early-diverging lineage of Cynodonteae (i.e., supersubtribe Boutelouodinae). Spike and raceme are not common in Chloridoideae. Raceme was only found in Harpachne, Perotis, Tragus and Zoysia. Spike was only found in Bouteloua, Lepturus, Microchloa and Tripogon. Panicles composed of racemes were only found in Aeluropus, Cleistogenes and Orinus, which all have similar aspects of inflorescence type. Panicles composed of spikes existed in Dactylocteniinae, Eleusininae and Tripogoninae. Ancestral state reconstructions showed that the panicle was the ancestral inflorescence state of this group, and the spike, racemes, panicle composed of spikes, and panicle composed of racemes were all derived in Chloridoideae (Figure 4A).




Figure 4 | Ancestral state reconstructions of in Chloridoideae: (A) inflorescence type; (B) spikelet type. The differently coloured spots at the nodes indicate the different character states.



According to the number of florets in each spikelet, all the involved taxa can be divided into three types: one floret in each spikelet, two florets in each spikelet, and several florets in each spikelet. Most taxa of Chloridoideae have several florets in each spikelet, and the condition of one floret in each spikelet was observed in Zoysieae (Crypsis, Sporobolus, and Zoysia) and some genera of Cynodonteae (Bouteloua, Muhlenbergia, Tragus, Perotis, Enteropogon, Cynodon, and Microchloa). Each spikelet of Chloris and Lepturus has two florets. Figure 4B shows that several florets in each spikelet are the original state of Chloridoideae, and either one or two florets in each spikelet were derived in Chloridoideae.

Three types of stomatal subsidiary cells were observed in the present study, including the peaked type, low-domed type and flat-top type (Figure 5B). The peaked peaked type was mainly found in Eragrostideae, Zoysieae and early-diverging lineages of Cynodonteae (supersubtribe Boutelouodinae). A low-domed type was observed in most Cynodonteae taxa. The flat-top type was only found in Tragus. Ancestral state reconstructions showed that the peaked type was the ancestral state, while the low-domed type and the flat-top type are derived (Figure 5B).




Figure 5 | Ancestral state reconstruction of Chloridoideae: (A) stomatal subsidiary cell shape; (B) microhair type. The differently coloured spots at the nodes indicate the different character states.



There are three types of microhairs, including the long-base cell enneapogonoid type, long-base cell chloridoid type and equal-base-cell chloridoid type (Figure 5B). Long-base cell chloridoideae include long-base cell microhairs with sharp cap cells, long-base cell microhairs with round cap cells, and long-base cell microhairs with nonconstricted bases. Equal-base-cell microhairs include short equal-base-cell microhairs, relatively narrow equal-base-cell microhairs with round cap cells and well-proportioned equal-base-cell microhairs with sharp cap cells. The morphology of microhairs was diverse in Chloridoideae, and contained significant differences between taxa of the same tribe. In Eragrostideae, microhairs were enneapogonoid type or long-base cell microhairs with sharp cap cells. In Zoysieae, they were long-base cell microhairs with round-cap cells, long-base cell microhairs with nonconstricted bases or short equal-base-cell microhairs with round-cap cells. In Cynodonteae, there was a number of different types of microhairs, including well-proportioned equal-base-cell microhair with sharp-cap cells, unobserved microhairs in supersubtribe Boutelouodinae and Tripogoninae, long-base cell microhair with round-cap cells, short equal-base-cell microhair with round-cap cells or well-proportioned equal-base-cell microhair with sharp-cap cells in Eleusininae, long-base cell microhair with round-cap cells in Cleistogenes and Orinus, short equal-base-cell microhair with round-cap cells in Dactylocteinum, and relatively narrow equal-base-cell microhair cells in Perotis. As shown in Figure 5B, the ancestral state of the microhair was uncertain.

Phytoliths can be classified into four types and nine subtypes in Chloridoideae (Figure 6). Four types included mono-lobed, two-lobed with no obvious rod-like structure, two-lobed with obvious rod-like structure and multi-lobed. The mono-lobed type includes square, oval and saddle shapes, and the two-lobes include the short dumbbell type with square lobes, the short dumbbell type with round lobes, and the long dumbbell type with round lobes. The multiple lobes type includes three-lobes type and four-lobes type (cross). The morphology of phytoliths was similar in Eragrostideae and Zoysieae; however, there was a high degree of diversity in Cynodonteae. Square and saddle-shaped phytoliths were observed in Eragrostideae. In Zoysieae, phytoliths were square, saddle, short dumbbell type with square lobes and four-lobes (cross). In Cynodonteae, there were eight types. In supersubtribe Boutelouodinae, there were square and saddle shapes. In Tripogoninae and Dactyloctenium, there were two-lobed with no obvious rod-like structure in Perotis, long dumbbell types with round lobes and crosses in Cleistogenes, and short dumbbell types with square lobes in Orinus. Square, oval and saddle types were observed in most taxa of Eleusininae, whereas there were short dumbbell type with round lobes in Leptochloa, short dumbbell type with square lobes in Dinebra, square and oval in Diplachne, and short dumbbell type with round lobes and cross in Aeluropus. As shown in Figure 6, saddle shapes are original, and other types were derived.




Figure 6 | Ancestral state reconstruction of phytoliths in Chloridoideae. The differently coloured spots at the nodes indicate the different character states.






Discussion


Features of Chloridoideae plastomes

Plastomes have become useful to the study of phylogenetic relationships in Poaceae. The plastomes of Chloridoideae showed the typical quadripartite structure as previously reported in Poaceae species, e.g., Oryza sativa (Hiratsuka et al., 1989), Zea mays (Maier et al., 1995), Brachypodium distachyon (Bortiri et al., 2008), consisting of an LSC region and an SSC region and separated by a pair of IR regions. They are highly conserved in genome size, structure, GC content, and gene content. Plastid genomes are generally very A+T-rich (Ravi et al., 2008). The GC content of Chloridoideae plastomes is similar to that of other Poaceae plastomes (Wu and Ge, 2012; Liu et al., 2020b). The loss of rps15 in Eragrostis tenellula was previously reported in other studies (Somaratne et al., 2019; Liu et al., 2021a). The position of rps15 was near the boundary between the IR and SSC regions (Davis and Soreng, 2010). In most species of Poaceae, trnN-GUU is duplicated in the IR regions, while in Distichlis spicata, there was another copy in the LSC region.



Phylogenetic relationships within Chloridoideae and tribal delimitation

Recent molecular phylogenetic studies showed that Chloridoideae is sister to Danthonioideae (Soreng et al., 2015; Soreng et al., 2017); hence, three Danthonioideae taxa were selected as outgroups in the present study (Figures 1, S1, S2). Chloriodideae was estimated to have originated in the late Palaeocene (55.18 Ma) (Figure 3, Table S2). There is an abrupt and transient climatic event during the period of Paleocene Eocene thermal maximum (PETM) in the geologic record (Zachos et al., 2001; Zachos et al., 2005). Diversity increased in Poaceae during this period (Jaramillo et al., 2010). The present study provided a robust phylogeny of Chloridoideae (Figure 1). In the present study, the general tribal framework within Chloridoideae analyzed was congruent with that inferred from seven plastid regions and ITS sequences (Peterson et al., 2011). Centropodieae diverged in Eocene (42.87-43 Ma), while the other three tribes of Chloridoideae diverged in the Oligocene (25.45-37.05 Ma) (Figure 3, Table S2). In the clade composed of Eragrostideae, Zoysieae and Cynodonteae, the evolution of C4-specific isoform of phosphoenol-pyruvate carboxylase (PEPC) was through a gene duplication of a non-C4 PEPC gene followed by neofunctionalization (Christin et al., 2007). The duplication that occurred in this clade evolved a C4-specific PEPC independently. The diversification of these three tribes may be caused by the CO2 decline in the Oligocene (Christin et al., 2008).



Phylogenetic relationships among subtribes and genera of Cynodonteae

The phylogenomic framework within Cynodonteae was incongruent with previous studies (Peterson et al., 2010; Soreng et al., 2015; Peterson et al., 2016; Soreng et al., 2017). The phylogeny of this tribe circumscribed nine monophyletic groups with strong support, which coincided with previous phylogenetic studies based on small-scale plastid datasets and nuclear datasets (Peterson et al., 2010; Peterson et al., 2011; Duvall et al., 2016). There were some differences in the relationship between the nine groups. Tripogoninae and Aeluropodinae obtained remarkably different placements from some previous studies. Tripogoninae was sister to supersubtribe Boutelouodinae in most studies (Peterson et al., 2010; Soreng et al., 2015; Peterson et al., 2016; Soreng et al., 2017). Aeluropodinae was sister to Triodiinae, Orininae or a clade comprising Orinus and Triodiinae in previous studies, while it was sister to Eleusininae in the present study (Figures 1, S1). Many internal phylogenetic relationships of Cynodonteae were resolved with strong support except for the clade composed of Cleistogenes, Orinus and Triodiinae. Orininae (including Cleistogenes and Orinus) was proposed based on the sister relationship between these two genera with moderate support. The clade comprising Cleistogenes, Orinus and Triodiinae is weakly supported (Figure 1).

The incongruences of phylogenetic relationships within Cynodonteae may be caused by the rapid diversification during a short time period. Cynodonteae was estimated to have experienced rapid divergence within a short time period (Figure 3), which could be a major obstacle in resolving phylogenetic relationships within Cynodonteae. Atmospheric CO2 concentrations decreased significantly during the Oligocene and reached modern levels in the late Oligocene (Pagani et al., 2005). C4 evolution has been seen as a result of a decline of atmospheric CO2 concentrations (Sage, 2001; Osborne and Beerling, 2006; Christin et al., 2008). Diversification within Chloridoideae was especially active during the period of the Late Oligocene to the Pleistocene (Figure 3), which coincides with the expansion of grasses that began in the Oligocene (Christin et al., 2008). A significant climate transition occurred in the Oligocene/Miocene boundary. Ocean temperatures slowly increased, and continental ice volume apparently decreased in the period of the middle to late Oligocene (Stott et al., 1990; Miller et al., 1991). It is significant that there is an adaptive transition from a wetter and shaded environment to a drier open habitat occurred in Chloridoideae (Bouchenak-Khelladi et al., 2010). These conditions may have caused Cynodonteae to diversify during this period.

The basal lineage of Cynodonteae in the plastome-based phylogenetic tree is the supersubtribe Boutelouodinae, which includes Bouteloua, Distichlis, Muhlenbergia, Hilaria and Tragus (Figures 1, S1, S2). Supersubtribe Boutelouodinae was newly established in 2017 (Soreng et al., 2017) following the worldwide phylogenetic classification of Poaceae in 2015 (Soreng et al., 2015), and consists of six subtribes, including Boutelouinae, Hilariinae, Monanthochloinae, Muhlenbergiinae, Scleropogoninae and Traginae. Recent phylogenetic studies showed that supersubtribe Boutelouodinae was positioned sister to Tripogoninae with a low bootstrap value (Peterson et al., 2010; Peterson et al., 2012; Soreng et al., 2015; Soreng et al., 2017), strongly supporting these two groups as the successive early-diverging groups of Cynodonteae in the present study (Figures 1, S1). The discrepancy between previous studies and the present study was generally attributed to the rise of phylogenetic information. This discrepancy has a wide scope in terms of the distribution of this supersubtribe. Genera of Boutelouinae and Scleropogoninae were distributed in South and North America, genera of Monanthochloinae (Distichlis) were distributed in South America, North America and Australia, and genera of Muhlenbergiinae (Muhlenbergia) were distributed in South America, North America and Asia. Subtribe Traginae is distributed in Africa, and as a genus of this subtribe, Tragus, has a wide distribution in Africa, Asia, Europe and Australia. Different types of dicliny occur in these groups and are restricted to the western hemisphere in Chloridoideae (Beauvois, 1812). Ancestral state reconstructions of five characters showed that the root of Chloridoideae is panicle, with several florets in each spikelet, peaked-type stomatal subsidiary cells, and saddle-shaped phytoliths (Figures 4A, B, 5A, B, 6). These morphological characteristics changed during the process of species generation and migration and were generated to adapt to new habitats. Previous studies have shown the diversity of inflorescences and spikelets, particularly in Cynodonteae (Liu et al., 2005; Liu et al., 2007; Muchut et al., 2017; Muchut et al., 2019; Pilatti et al., 2019). As the basal lineage of Cynodonteae, species of supersubtribe Boutelouodinae have similar types of inflorescences, spikelets and stomatal subsidiary cells as Eragrotideae and Zoysieae species (Figures 4A, B, 5). The time tree shows that supersubtribe Boutelouodinae split from Cynodonteae and returned to the late Oligocene (Figure 3).

The phylogenetic position of Aeluropodinae in Cynodonteae was uncertain in previous phylogenetic studies. The position of Aeluropodinae differed in various tree analyses, it was sister to Triodia in the ITS tree and sister to the clade composed of Triodiinae and Orinus in the plastid tree and combined tree, however, these relationships all had low bootstrap values and moderate posterior probability values (Peterson et al., 2010). In the present study, Aeluropodinae obtained a remarkably different placement compared with previous studies (Figures 1, S1). Plastome data strongly supported that Aeluropodinae was sister to Eleusininae (Figures 1, S1). Aeluropodinae is a subtribe of Eurasian and African plants in the grass family, found primarily in desert regions (Clayton et al., 2008). Aeluropus diverged in the early Miocene (Figure 3). During the Eocene-Oligoceae period, the elevation of the Tibetan Plateau resulted in increased drought in Central Asia (Zhang et al., 2018; Clift and Webb, 2019). The divergence of this genus may be related to the arid environment. The decrease in soil moisture caused by drought can lead to an increase in soil salinity. Species of Aeluropodinae are distributed in saline environments. Aeluropus lagopoides and Aeluropus littoralis can be used as fodder and forage grass and to study salt tolerance (Ahmed et al., 2013; Azri et al., 2016; Zamin et al., 2019; Younesi-Melerdi et al., 2020). Aeluropus lagopoides can survive and reproduce in highly saline inland and coastal conditions under warm temperatures (Gulzar and Khan, 2001). It seems that the proximate strategy of Aeluropus lagopoides is to use vegetative methods for the recruitment of new individuals as a less costly way of recruitment in a highly unpredictable, harsh environment. Plasome data obtained remarkably different placements of Aeluropodinae compared with previous studies (Figures 1, S1). The morphology study showed that Aeluropodinae has similarities with both the Cleistogenes-Orinus clade and Eleusininae in spikelet, stomatal subsidiary cell and phytolith (Figures 4B, 5A, 6); however, the morphology of microhairs is different from both of them (Figure 5B). Microhair exists in most taxa of Poaceae, which have a basal and a distal cell (Watson et al., 1985). In some grasses of the subfamily Chloridoideae, microhairs act as “salt glands” that can secrete excess salts to the environment (Warren and Brockelman, 1989; Marcum et al., 1998; Marcum and Pessarakli, 2006; Oi et al., 2014). Aeluropus species are typical halophytic grasses, and the morphology of microhairs is closely related to their functions (Liu et al., 2006; Barhoumi et al., 2008).

Orininae (including Cleistogenes and Orinus) was recognized as a new subtribe of Cynodonteae based on the moderately supported sister relationship in a combined tree of six plastid and ITS sequences (Peterson et al., 2016). In previous studies, Cleistogenes and Orinus were classified in Cynodonteae, and were not classified at the subtribe level (Peterson et al., 2010; Soreng et al., 2015). The morphological differences between these two genera are lemma and underground part. Hairy lemma and long scaly rhizome were observed in Orinus but not in Cleistogenes. Comparative plastomes and plastome phylogenomic analysis of these three genera were performed, and the results showed a similar pattern in plastome structure, gene order, gene content, IR boundaries, the type and number of repeat sequences and codon usage (Wang et al., 2021). In the present study, Orinus is sister to Triodia, while Cleistogenes was sister to the clade comprising Orinus and Triodia (Figures 1, S1, S2). The same results were previously published, and plastome data did not support the establishment of Orininae (Wang et al., 2021).

The phylogenetic position of Acrachne has been controversial for a long time. Acrachne is either classified under Dactylocteniinae or Eleusininae due to its different phylogenetic positions in the ITS tree and plastid tree (Peterson et al., 2010; Peterson et al., 2015; Soreng et al., 2015; Peterson et al., 2016; Soreng et al., 2017). The phylogenetic position of Acrachne as determined with plastid-based phyogenetic analysis was within Eleusininae; however, it was sister to Dactyloctenium in the Dactylocteniinae ITS tree (Peterson et al., 2015; Peterson et al., 2016). Acrachne, Dactyloctenium and Eleusine have close phylogenetic relationships and form a distinctive cluster in a numerical analysis (Phillips, 1982). These three genera have common characteristics, such as the secund spikes of overlapping spikelets and the peculiar ornate grain within a free pericarp; these characteristics are not usual features in Poaceae (Phillips, 1982). Acrachne has a similar distribution to Dactylocteniinae and Eleusininae. Its native range is tropical and subtropical in the old world to North Australia. Some Acrachne taxa were placed in Eleusine. The rugose grain with a caducous pericarp had a character similar to that of these two genera, while there were up to 20 florets in each spikelet, and lemma keel was produced into a mucro or cusp in Acrachne. Eleusine multiflora was recognized as a link between Eleusine and Acrachne (Phillips, 1972). Ahmad et al. (Hubbard, 1936) reported that Acrachne racemosa is identified by dumb bell-shaped or cross-shaped phytoliths on leaf epidermis, while saddle-shaped phytoliths are present in other Eragrostideae taxa. Liu et al. (2010) found that Acrachne, Dactyloctenium and Eleusine have similar long cell outling, bicellular microhairs and macrohair micromorphological characters of lemma. Soreng et al. (2017) considered that there was a possible hybridization event and subsequent genomic introgression between Acrachne racemosa (B. Heyne ex Roem. & Schult.) Ohwi and an unknown member of Eleusininae since the incongruence between phylogenetic relationships based on plastid and nuclear DNA markers.

Acrachne is the second diverged group in Eleusininae based our plastome data, and should be classified into Eleusininae (Figures 1, S1, S2). In the analysis of ancestral state reconstruction, Acrachne has similarities with Eleusininae and Dactyloctenium in inflorescence, spikelet, stomatal subsidiary cells, microhair and phytolith morphology (Figures 4–6). These results indicated that these three groups may have close phylogenetic relationships. and is consistent with previous opinions (Phillips, 1982). Diplachne and Leptochloa were both established by Beauvois (1812). Kunth (1815) placed Diplachne and Leptochloa in different tribes. Meisner (1843) placed Diplachne adjacent to Leptochloa in Chlorideae. Diplachne and Leptochloa were once recognized as closely related genera of Eragrosteae (McNeill, 1979). It was not clear that whether Diplachne could be recognized as a distinct genus. Many researchers included Diplachne in Leptochloa for no valid reason (Hubbard, 1936). Analysis of morphological and anatomical data demonstrated the polyphyly of Leptochloa (including Diplachne) (Snow, 1998). It was found that Diplachne and Leptochloa overlapped in a numerical analysis of morphological characters (Phillips, 1982). Morphologically, Diplachne and Leptochloa can be distinguished from each other, but they are similar in inflorescence structure. Lemmas of Diplachne are shortly awned, whereas those of Leptochloa are awnless. In recent molecular phylogenetic studies, it was found that there are three and five strongly supported separate lineages of Leptochloa in phylogenetic trees based on seven and six DNA markers, respectively. Among the five lineages, one lineage corresponds to Diplachne, which is located between Dinebra and Leptochloa (Peterson et al., 2012), which are widely distributed in warmer temperate regions. The present study showed that Diplachne and Leptochloa are in different positions of Eleusininae (Figures 1, S1, S2). Plastome data supported these two genera as two distinct genera. Diplachne and Leptochloa were similar in the morphology of inflorescence, spikelet and stomatal subsidiary cells (Figures 4A, B, 5A), while they were noticeably different in morphology of microhair and phytolith (Figures 5B, 6). Microhairs have been detected on leaf epidermis and function as salt glands in Chloridoideae (Amarasinghe and Watson, 1989; Kobayashi et al., 2007). Grass phytoliths are very diverse and show a high degree of multiplicity (Rovner, 1971). The different morphologies of microhairs and phytoliths may be related to the different ecological habitats occupied by these two genera.



Morphological character evolution


Inflorescence

Grass inflorescences and spikelets are diverse, developmentally complex, and can be used to distinguish grass species (Malcomber et al., 2006). Inflorescences have played important roles in systematic and phylogenetic studies (Kirchoff and Claßen-Bockhoff, 2013). They act as functional units in plant reproduction and are largely shaped by natural selection. Previous studies displayed a fascinating inflorescence and spikelet diversity in Chloridoideae (Clayton, 1982; Peterson et al., 1997). The evolution of inflorescence in Poaceae is assumed to be random because of the diversity (Muchut et al., 2019). The ancestral state of Chloridoideae is panicle, and the raceme and spike forms have independently evolved in some nonsister tribes (Figure 4A). Muchut et al. (2019) showed that the free transition among character states was a frequent evolutionary event in Poaceae. Inflorescence and spikelet type have close relationships with the timing and position of pollen presentation, the timing of seed maturation, the extent of seed provisioning, and the extent of seed dormancy (Prieto-Baena et al., 2003). The diversity of inflorescence types probably represents adaptive responses to changes in environment (Harder and Johnson, 2009; Harder and Prusinkiewicz, 2012). The MRCA (most recent common ancestor) of Chloridoideae has panicle inflorescence and the inflorescence types of the MRCA of Eragrostideae, Zoysieae and Cynodonteae are panicle (Figure 4A). There are two transition points of inflorescence type in Cynodonteae. The inflorescence type of the MRCA of Cynodonteae taxa, excluding supersubtrbe Boutelouodina, is panicle composed of spikes (23.08-28.46 Ma). The inflorescence type of the MRCA of Cleistogenes and Orinus is panicle composed of racemes (20.31-27.58 Ma). These two points occur in the period of late Oligocene to early Miocene (Figure 3). The panicle is the most common inflorescence in Poaceae. Inflorescences were inferred to have evolved from simple to complex (Pilatti et al., 2018). In the present study, the finding was the opposite. This finding indicated that the evolution of inflorescences may be a process that tends to be oversimplified.



Spikelet

Spikelet is also an important evolutionary unit in grass inflorescences. Grass inflorescences are built of repeated units called spikelets, which consist of a pair of glumes (bracts) enclosing a cluster of one to as many as 40 flowers, the number of which depends on the species. The spikelet is the specific unit of the grass inflorescences. The MRCA of Chloridoideae and Eragrostideae has multiple florets in each spikelet (Figure 4B). A spikelet of the MRCA of Zoysieae has one floret (17.79-21.36 Ma) (Figure 3). A transition point of spikelet type occurred in Chloridoideae in the period of Miocene (Figures 3, 4A). In Miocene, the climate transition may cause the number of seeds that can germinate and grow normally reduced. The increase in floret number increases the number and survival rate of seeds.



Shape of stomatal subsidiary cell

In Poaceae, a stomatal complexe consists of two elongated and dumbbell-shaped guard cells (GCs)and two closely associated lateral subsidiary cells (SCs). It has been recognized that the composition and morphology of stomata are closely associated with fast stomatal responses in Poaceae (Stebbins and Shah, 1960; Franks and Farquhar, 2007). The four-celled stomatal complex of Poaceae is innovative and allows for larger pore apertures and faster responsiveness to environmental changes than other stomatal types (Nunes et al., 2020). GCs are the centers of stomatal complexes, which surround and regulate the size of the stomatal pore. The shapes of SCs and GCs were recognized to play significant roles in improving stomatal kinetics (Stebbins and Shah, 1960; Franks and Farquhar, 2007). The different types of stomatal subsidiary cells in Chloridoideae may be related to environmental adaptation. The diversification of stomatal subsidiary cells mainly occurs in Cynodonteae (Figure 5A). The MRCA of Chloridoideae is peaked type stomatal subsidiary cells. The stomatal subsidiary cells of the MRCA of Eragrostideae, Zoysieae and Cynodonteae are peaked type. There are multiple transition points of stomatal subsidiary cells in Chloridoideae. The stomatal subsidiary cell of the MRCA of Cynodonteae taxa, excluding supersubtrbe Boutelouodinae and Tripogoninae, is the low-domed type (21.76-27.96 Ma), which evolved in the late Oligocene to the early Miocene (Figures 3, 5A). The diversity of stomatal subsidiary cell shape may have been an adaptation to lower CO2 concentrations during the Paleogene (Pagani et al., 2005).



Microhair

In Poaceae, a microhair often consists of a pair of cells, microhairs are hence called bicellular microhairs. It was found that microhairs have been detected in many grass species (Liphschitz and Waisel, 1982; Kobayashi, 2008), but they only function as salt glands in Chloridoideae (Amarasinghe and Watson, 1989; Céccoli et al., 2015). An unusual arrangement of plasma membranes called ‘partitioning membranes’ was observed in ultrastructural studies of microhairs and showed that they were involved in the process of salt secretion (Oross and Thomson, 1982b; Oross and Thomson, 1982a). In the present study, different shapes of basal cells and cap cells of microhair were found in Chloridoideae, while ‘partitioning membranes’ were not observed (Figure 5B). With the exception of the enneapogonoid type, all the other types are chloridoid type microhairs. Chloridoid type microhairs can also be divided into different types according to the shape and relative length of basal cell and cap cell. The microhairs of the MRCA of Chloridoideae, Eragrostideae and Zoysieae are unknown (Figure 5B). The MRCA of Cynodonteae has a well-proportioned equal-base-cell microhair with sharp-cap cells (25.45-28.79 Ma) (Figures 3, 5B). The MRCA of Eleusininae, excluding Diplachne, has a short equal-base-cell microhair with round-cap cells (17.35-23.7 Ma) (Figures 3, 5B). The MRCA of Cleistogenes and Orinus has a long-base cell microhair with round-cap cells (20.31-27.58 Ma) (Figures 3, 5B). The microhair type of Chloridoideae transitioned at three time points in the Oligocene and Miocene periods, which might correspond to the adaptive transition from a wetter and shaded environment to a drier open habitat (Bouchenak-Khelladi et al., 2010).



Shape of phytolith

Silica is absorbed through roots and deposited within intercellular spaces and inside the cells of numerous plants resulting in phytoliths or silica bodies (Blackman and Parry, 1968). Previous studies have demonstrated the morphological diversity of phytoliths in Chloridoideae (Twiss et al., 1969). The morphology of phytoliths may be related to habitat, with the most recently differentiated groups preferring open habitats, while the earliest differentiated groups prefer closed habitats (Palmer and Tucker, 1986). Long dumbbell-shaped and short dumbbell-shaped phytoliths were different in the length of the shank, which connected two lobes. It was proposed that the length of the shank strongly related to water availability rather than to grass phylogeny by discriminating morphological types of phytoliths (Barboni and Bremond, 2009). The chemical integrity of phytoliths is also determined by size and shape. The phytoliths of the MRCA of Chloridoideae, Eragrostideae and Zoysieae are saddle shaped (Figure 6). Figure 3 and Figure 6 showed that the MRCA of Cynodonteae has square-shaped phytoliths (25.45-28.79 Ma). The MRCA of Cleistogenes has a long dumbbell type with round lobes (1.61-9.57 Ma). There are two transition points of the phytoliths shape that occur in Chloridoideae. The first point occurs in the Oligocene, representing the square shape transforming into a saddle shape. These two types are very similar and may be evolutionarily related. Poaceae is a phytolith-rich group, the transition of phytoliths type in Chloridoideae coincides with the time of grasslands expansion. It was associated with CO2 decline in Oligocene (Christin et al., 2008). The diversification of phytolith-rich plants may be caused by the evolution of large mammalian grazers possessing abrasion-adapted dentition (Beerling and Osborne, 2006; Strömberg, 2011). The second point occurs during the period from the late Miocene to the Pleistocene, when dumbbell-shaped phytoliths occurred in Cleistogenes and Orinus (Figures 3, 6). Dumbbell-shaped phytoliths were observed to occur largely in C4 grasses that flourish in warm, tropical to subtropical regions with a moderate amount of available soil moisture (Twiss, 1992). The occurrence of dumbbell-shaped phytoliths was considered to be strongly linked to environmental factors.





Conclusions

Phylogenetic analyses showed that Chloridoideae is a well-supported monophyletic group. A total of nine monophyletic lineages were revealed in Cynodonteae: supersubtribe Boutelouodinae, Tripogoninae, Aeluropodinae, Eleusininae, Dactylocteniinae, supersubtribe Gouiniodinae, Cleistogenes, Orinus, and Triodiinae. Cynodonteae was estimated to have experienced rapid divergence within a short period of time, which could be a major obstacle in resolving the phylogenetic relationships within Cynodonteae. The results of ancestral character state reconstructions demonstrated that the MRCA of Chloridoideae has a panicle, multiple florets in each spikelet, a peaked type of stomatal subsidiary cells, and saddle-shaped phytoliths. Phylogenetic analyses, divergence time estimations and ancestral character state reconstructions provide new insights into the phylogenetic relationships and character evolution of Chloridoideae. Some issues remain to be addressed, and more taxon and additional variable molecular markers are needed for further study.
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Supplementary Figure 1 | Phylogenetic relationships of Chloridoideae inferred from maximum likelihood (ML) and Bayesian inference (BI) based on protein-coding genes. Support values marked above the branches follow the order bootstrap value (BS)/posterior probability (PP).

Supplementary Figure 2 | Phylogenetic relationships of Chloridoideae inferred from maximum likelihood (ML) and Bayesian inference (BI) based on noncoding regions. Support values marked above the branches follow the order bootstrap value (BS)/posterior probability (PP).

Supplementary Figure 3 | Simplified diagrams of inflorescences found in Chloridoideae. (A) raceme, (B) spike, (C) panicle composed of spikes, (D) panicle, (E) panicle composed of racemes.

Supplementary Figure 4 | Spikelet type found in Chloridoideae. (A) one floret in each spikelet, (B) two florets in each spikelet, (C) multiple florets in each spikelet. Red scale bars: 1 mm.

Supplementary Figure 5 | Stomatal subsidiary cell shape found in Chloridoideae. (A) flat-top type, (B)peaked type, (C) low-domed type. Red scale bars: 20 μm.

Supplementary Figure 6 | Microhair type found in Chloridoideae. (A) enneapogonoid type, (B) long-base cell microhair with sharp-cap cell, (C) long-base cell microhair with round-cap cell, (D) long-base cell microhair with non-constricted base, (E)narrow equal-base-cell microhair, (F)well-proportioned equal-base-cell microhair with sharp-cap cell, (G)short equal-base-cell microhair with round-cap cell. Red scale bars: 20 μm.

Supplementary Figure 7 | Phytoliths found in Chloridoideae. (A) square, (B) saddle, (C) oval, (D) short dumbbell type with square lobes, (E) four-lobes, cross, (F) two-lobed with no obvious rod-like structure, (G) short dumbbell type with round lobes, (H) long dumbbell type with round lobes. Red scale bars: 20 μm.



References

 Abdullah,, Mehmood, F., Rahim, A., Heidari, P., Ahmed, I., and Poczai, P. (2021). Comparative plastome analysis of Blumea, with implications for genome evolution and phylogeny of asteroideae. Ecol. Evol. 11 (12), 7810–7826. doi: 10.1002/ece3.7614

 Ahmed, M. Z., Shimazaki, T., Gulzar, S., Kikuchi, A., Gul, B., Khan, M. A., et al. (2013). The influence of genes regulating transmembrane transport of na+ on the salt resistance of Aeluropus lagopoides. Funct. Plant Biol. 40 (9), 860–871. doi: 10.1071/FP12346

 Alexandros, S. (2014). RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 30 (9), 1312–1313.  doi: 10.1093/bioinformatics/btu033

 Amarasinghe, V., and Watson, L. (1989). Variation in salt secretory activity of microhairs in grasses. Aust. J. Plant Physiol. 16 (2), 219–229. doi: 10.1071/PP9890219

 Amiryousefi, A., Hyvönen, J., and Poczai, P. (2018). The chloroplast genome sequence of bittersweet (Solanum dulcamara): Plastid genome structure evolution in solanaceae. PLoS One 13 (4), e0196069. doi: 10.1371/journal.pone.0196069

 Attigala, L., Wysocki, W. P., Duvall, M. R., and Clark, L. G. (2016). Phylogenetic estimation and morphological evolution of arundinarieae (Bambusoideae: Poaceae) based on plastome phylogenomic analysis. Mol. Phylogen. Evol. 101, 111–121. doi: 10.1016/j.ympev.2016.05.008

 Azri, W., Barhoumi, Z., Chibani, F., Borji, M., Bessrour, M., and Mliki, A. (2016). Proteomic responses in shoots of the facultative halophyte Aeluropus littoralis (Poaceae) under NaCl salt stress. Funct. Plant Biol. 43 (11), 1028–1047. doi: 10.1071/FP16114

 Bankevich, A., Nurk, S., Antipov, D., Gurevich, A. A., Dvorkin, M., Kulikov, A. S., et al. (2012). SPAdes: a new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 19 (5), 455–477. doi: 10.1089/cmb.2012.0021

 Barboni, D., and Bremond, L. (2009). Phytoliths of East African grasses: an assessment of their environmental and taxonomic significance based on floristic data. Rev. Palaeobot. Palynol. 158 (1-2), 29–41. doi: 10.1016/j.revpalbo.2009.07.002

 Barhoumi, Z., Djebali, W., Abdelly, C., Chaïbi, W., and Smaoui, A. (2008). Ultrastructure of Aeluropus littoralis leaf salt glands under NaCl stress. Protoplasma 233 (3), 195–202. doi: 10.1007/s00709-008-0003-x

 Beauvois, P.D. (1812). Essai d’une nouvelle agrostographie; ou nouveaux genres des graminées; avec figures représentant les caractères de tous les genres (Paris: Chez l'auteur).

 Beerling, D. J., and Osborne, C. P. (2006). The origin of the savanna biome. Global Change Biol. 12 (11), 2023–2031. doi: 10.1111/j.1365-2486.2006.01239.x

 Beilschmied, C. (1833). Lindley’s characters distinctive oder hauptkennzeicher der naturlichen pflanzenfamilien. Flora 16, 49–111.

 Blackman, E., and Parry, D. W. (1968). Opaline silica deposition in rye (Secale cereale l.). Ann. Bot. 32 (1), 199–206. doi: 10.1093/oxfordjournals.aob.a084193

 Bortiri, E., Coleman-Derr, D., Lazo, G. R., Anderson, O. D., and Gu, Y. Q. (2008). The complete chloroplast genome sequence of Brachypodium distachyon: sequence comparison and phylogenetic analysis of eight grass plastomes. BMC Res. Notes 1 (1), 61. doi: 10.1186/1756-0500-1-61

 Bouchenak-Khelladi, Y., Verboom, G. A., Savolainen, V., and Hodkinson, T. R. (2010). Biogeography of the grasses (Poaceae): a phylogenetic approach to reveal evolutionary history in geographical space and geological time. Bot. J. Linn. Soc 162 (4), 543–557. doi: 10.1111/j.1095-8339.2010.01041.x

 Céccoli, G., Ramos, J., Pilatti, V., Dellaferrera, I., Tivano, J., Taleisnik, E., et al. (2015). Salt glands in the poaceae family and their relationship to salinity tolerance. Bot. Rev. 81 (2), 162–178. doi: 10.1007/s12229-015-9153-7

 Chandra, D., Chandra, S., Pallavi,, and Sharma, A. K. (2016). Review of finger millet (Eleusine coracana (L.) gaertn): a power house of health benefiting nutrients. Food Sci. Hum. Wellness 5 (3), 149–155.   doi: 10.1016/j.fshw.2016.05.004

 Chandrashekar, A. (2010). “Chapter 6 - finger millet: Eleusine coracana,” in Advances in food and nutrition research. Ed.  S. L. Taylor (New York: Academic Press), 215–262.

 Chen, Y., Wang, H., Zhang, F. S., and Jia, H. X. (2003). The effects of silicon on ionic distribution and physiological characteristic of Aeluropus pungens under salinity conditions. Chin. J. Plan. Ecolo. 27 (2), 189–195. doi: 10.17521/cjpe.2003.0029

 Christin, P.-A., Besnard, G., Samaritani, E., Duvall, M. R., Hodkinson, T. R., Savolainen, V., et al. (2008). Oligocene CO2 decline promoted C4 photosynthesis in grasses. Curr. Biol. 18 (1), 37–43. doi: 10.1016/j.cub.2007.11.058

 Christin, P.-A., Salamin, N., Savolainen, V., Duvall, M. R., and Besnard, G. (2007). C4 photosynthesis evolved in grasses via parallel adaptive genetic changes. Curr. Biol. 17 (14), 1241–1247. doi: 10.1016/j.cub.2007.06.036

 Clayton, W. D. (1982). Notes on subfamily chloridoideae (Gramineae). Kew Bull. 37 (3), 417–420. doi: 10.2307/4110041

 Clayton, W. D., Vorontsova, M. S., Harman, K. T., and Williamson, H. (2008) GrassBase – the online world grass flora. Available at: http://www.kew.org/data/grasses-db.html.

 Clift, P. D., and Webb, A. A. G. (2019). A history of the Asian monsoon and its interactions with solid earth tectonics in Cenozoic south Asia. Geol. Soc 483 (1), 631–652. doi: 10.1144/SP483.1

 Croce, P., De Luca, A., Mocioni, M., Volterrani, M., and Beard, J. (2001). Warm-season turfgrass species and cultivar characterizations for a Mediterranean climate. Int. Turfgrass Soc Res. J. 9, 855–859.

 D’Andrea, A. C. (2008). T’ef (Eragrostis tef) in ancient agricultural systems of highland Ethiopia. Econ. Bot. 62 (4), 547–566. doi: 10.1007/s12231-008-9053-4

 Davis, J. I., and Soreng, R. J. (2010). Migration of endpoints of two genes relative to boundaries between regions of the plastid genome in the grass family (Poaceae). Am. J. Bot. 97 (5), 874–892. doi: 10.3732/ajb.0900228

 Devi, P. B., Vijayabharathi, R., Sathyabama, S., Malleshi, N. G., and Priyadarisini, V. B. (2014). Health benefits of finger millet (Eleusine coracana l.) polyphenols and dietary fiber: a review. J. Food Sci. Technol. 51 (6), 1021–1040. doi: 10.1007/s13197-011-0584-9

 Doust, A. N., and Kellogg, E. A. (2002). Inflorescence diversification in the panicoid “bristle grass” clade (Paniceae, poaceae): evidence from molecular phylogenies and developmental morphology. Am. J. Bot. 89 (8), 1203–1222. doi: 10.3732/ajb.89.8.1203

 Doyle, J., and Doyle, J. L. (1987). Genomic plant DNA preparation from fresh tissue-CTAB method. Phytochem. Bull. 19 (11), 11–15. doi: 10.1007/s001220100710

 Drummond, A. J., Suchard, M. A., Xie, D., and Rambaut, A. (2012). Bayesian Phylogenetics with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29 (8), 1969–1973. doi: 10.1093/molbev/mss075

 Duvall, M. R., Fisher, A. E., Columbus, J. T., Ingram, A. L., Wysocki, W. P., Burke, S. V., et al. (2016). Phylogenomics and plastome evolution of the chloridoid grasses (Chloridoideae: Poaceae). Int. J. Plant Sci. 177 (3), 235–246. doi: 10.1086/684526

 Franks, P. J., and Farquhar, G. D. (2007). The mechanical diversity of stomata and its significance in gas-exchange control. Plant Physiol. 143 (1), 78–87. doi: 10.1104/pp.106.089367

 Gelaw, A. M., and Qureshi, A. S. (2020). “Tef (Eragrostis tef): A superfood grain from Ethiopia with great potential as an alternative crop for marginal environments,” in Emerging research in alternative crops. Eds.  A. Hirich, R. Choukr-Allah, and R. Ragab (Cham: Springer International Publishing), 265–278.

 GPWG II (2012). New grass phylogeny resolves deep evolutionary relationships and discovers C4 origins. New Phytol. 193 (2), 304–312. doi: 10.1111/j.1469-8137.2011.03972.x

 Gulzar, S., and Khan, M. A. (2001). Seed germination of a halophytic grass Aeluropus lagopoides. Ann. Bot. 87 (3), 319–324. doi: 10.1006/anbo.2000.1336

 Harder, L. D., and Johnson, S. D. (2009). Darwin's beautiful contrivances: evolutionary and functional evidence for floral adaptation. New Phytol. 183 (3), 530–545. doi: 10.1111/j.1469-8137.2009.02914.x

 Harder, L. D., and Prusinkiewicz, P. (2012). The interplay between inflorescence development and function as the crucible of architectural diversity. Ann. Bot. 112 (8), 1477–1493.   doi: 10.1093/aob/mcs252

 Hiratsuka, J., Shimada, H., Whittier, R., Ishibashi, T., Sakamoto, M., Mori, M., et al. (1989). The complete sequence of the rice (Oryza sativa) chloroplast genome: Intermolecular recombination between distinct tRNA genes accounts for a major plastid DNA inversion during the evolution of the cereals. Mol. Gen. Genet. 217 (2), 185–194. doi: 10.1007/BF02464880

 Huang, X., Shi, H., Hu, Z., Liu, A., Amombo, E., Chen, L., et al. (2017). ABA is involved in regulation of cold stress response in bermudagrass. Front. Plant Sci. 8 (1613). doi: 10.3389/fpls.2017.01613

 Hubbard, C. (1936). “Gramineae. tribus eragrosteae” in Hooker’s icon (London: Royal Botanic Gardens Kew).

 Jansen, R. K., and Ruhlman, T. A. (2012). “"Plastid genomes of seed plants,” in Genomics of chloroplasts and mitochondria. Eds.  R. Bock, and V. Knoop (Dordrecht: Springer), 103–126.

 Jaramillo, C., Ochoa, D., Contreras, L., Pagani, M., Carvajal-Ortiz, H., Pratt, L. M., et al. (2010). Effects of rapid global warming at the Paleocene-Eocene boundary on neotropical vegetation. Science 330 (6006), 957–961.   doi: 10.1126/science.1193833

 Jattisha, P., and Sabu, M. (2012). Phytoliths as a tool for the identification of some chloridoideae grasses in kerala. Int. Scholarly Res. Network 2012, 246057. doi: 10.5402/2012/246057

 Jin, J.-J., Yu, W.-B., Yang, J.-B., Song, Y., dePamphilis, C. W., Yi, T.-S., et al. (2020). GetOrganelle: a fast and versatile toolkit for accurate de novo assembly of organelle genomes. Genome Biol. 21 (1), 241. doi: 10.1186/s13059-020-02154-5

 Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software version 7: improvements in performance and usability. Mol. Biol. Evol. 30 (4), 772–780. doi: 10.1093/molbev/mst010

 Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., et al. (2012). Geneious basic: an integrated and extendable desktop software platform for the organization and analysis of sequence data. Bioinformatics 28 (12), 1647–1649. doi: 10.1093/bioinformatics/bts199

 Kinney, M. S., Columbus, J. T., and Friar, E. A. (2008). Unisexual flower, spikelet, and inflorescence development in monoecious/dioecious Bouteloua dimorpha (Poaceae, chloridoideae). Am. J. Bot. 95 (2), 123–132. doi: 10.3732/ajb.95.2.123

 Kirchoff, B. K., and Claßen-Bockhoff, R. (2013). Inflorescences: concepts, function, development and evolution. Ann. Bot. 112 (8), 1471–1476. doi: 10.1093/aob/mct267

 Kobayashi, H. (2008). Ion secretion via salt glands in poaceae. Jpn. J. Plant Sci. 2 (1), 18–22.

 Kobayashi, H., Masaoka, Y., Takahashi, Y., Ide, Y., and Sato, S. (2007). Ability of salt glands in rhodes grass (Chloris gayana kunth) to secrete na+ and k+. Soil Sci. Plant Nutr. 53 (6), 764–771. doi: 10.1111/j.1747-0765.2007.00192.x

 Kunth, K. S. (1815). Considérations générales sur les graminées (Paris: Muséum National d'histoire Naturelle).

 Lancien, M., Lea, P. J., and Azevedo, R. A. (2006). “Amino acid synthesis in plastids,” in The structure and funciton of plastids. Eds.  R. R. Wise, and J. K. Hoober (Dordrecht: Springer), 355–385.

 Leister, D. (2003). Chloroplast research in the genomic age. Trends Genet. 19 (1), 47–56. doi: 10.1016/S0168-9525(02)00003-3

 Liphschitz, N., and Waisel, Y. (1982). “Adaptation of plants to saline environments: salt excretion and glandular structure,” in Contributions to the ecology of halophytes. Ed.  K. S. Rajpurohit (Dordrecht: Springer), 197–214.

 Liu, Q., Li, X., Li, M., Xu, W., Schwarzacher, T., and Heslop-Harrison, J. S. (2020b). Comparative chloroplast genome analyses of Avena: insights into evolutionary dynamics and phylogeny. BMC Plant Biol. 20 (1), 406. doi: 10.1186/s12870-020-02621-y

 Liu, Q., Peterson, P. M., Columbus, J. T., Zhao, N., Hao, G., and Zhang, D. (2007). Inflorescence diversification in the “finger millet clade” (Chloridoideae, poaceae): a comparison of molecular phylogeny and developmental morphology. Am. J. Bot. 94 (7), 1230–1247. doi: 10.3732/ajb.94.7.1230

 Liu, Z.-H., Shi, L.-R., and Zhao, K.-F. (2006). The morphological structure of salt gland and salt secretion in Aeluropus littoralis var. sinensis debeaux. J. Plant Physiol. Mol. Biol. 32 (4), 420–426.

 Liu, Q., Triplett, J. K., Wen, J., and Peterson, P. M. (2011). Allotetraploid origin and divergence in Eleusine (Chloridoideae, poaceae): evidence from low-copy nuclear gene phylogenies and a plastid gene chronogram. Ann. Bot. 108 (7), 1287–1298. doi: 10.1093/aob/mcr231

 Liu, K., Wang, R., Guo, X.-X., Zhang, X.-J., Qu, X.-J., and Fan, S.-J. (2021a). Comparative and phylogenetic analysis of complete chloroplast genomes in eragrostideae (Chloridoideae, poaceae). Plants 10 (1), 109. doi: 10.3390/plants10010109

 Liu, Y., Yang, X.-Y., Yao, Y., Zhang, M., and Zhang, X.-J. (2021b). Characterization of the complete plastome of Eleusine coracana (Gramineae), an annual crop. Mitochondrial DNA Part B 6 (3), 1089–1090. doi: 10.1080/23802359.2021.1899874

 Liu, Q., Zhang, D. X., and PM, P. (2010). Lemma micromorphological characters in the chloridoideae (Poaceae) optimized on a molecular phylogeny. S. Afr. J. Bot. 76 (2), 196–209. doi: 10.1016/j.sajb.2009.10.006

 Liu, Q., Zhao, N. X., and Hao, G. (2005). Inflorescence structures and evolution in subfamily chloridoideae (Gramineae). Plant Syst. Evol. 251 (2), 183–198. doi: 10.1007/s00606-004-0245-9

 Liu, J. X., Zhou, M. Y., Yang, G. Q., Zhang, Y. X., and Li, D. Z. (2020a). ddRAD analyses reveal a credible phylogenetic relationship of the four main genera of Bambusa-Dendrocalamus-Gigantochloa complex (Poaceae: Bambusoideae). Mol. Phylogen. Evol. 146, 106758. doi: 10.1016/j.ympev.2020.106758

 Maddison, W. P. (2008). Mesquite: A modular system for evolutionary analysis. Evolution 62, 1103–1118.

 Maier, R. M., Neckermann, K., Igloi, G. L., and Kössel, H. (1995). Complete sequence of the maize chloroplast genome: gene content, hotspots of divergence and fine tuning of genetic information by transcript editing. J. Mol. Biol. 251 (5), 614–628. doi: 10.1006/jmbi.1995.0460

 Malcomber, S. T., Preston, J. C., Reinheimer, R., Kossuth, J., and Kellogg, E. A. (2006). Developmental gene evolution and the origin of grass inflorescence diversity. Adv. Bot. Res. 44, 425–481. doi: 10.1016/S0065-2296(06)44011-8

 Marcum, K. B. (1999). Salinity tolerance mechanisms of grasses in the subfamily chloridoideae. Crop Sci. 39 (4), 1153–1160. doi: 10.2135/cropsci1999.0011183X003900040034x

 Marcum, K. B., Anderson, S. J., and Engelke, M. C. (1998). Salt gland ion secretion: a salinity tolerance mechanism among five zoysiagrass species. Crop Sci. 38 (3), 806–810. doi: 10.2135/cropsci1998.0011183X003800030031x

 Marcum, K. B., and Pessarakli, M. (2006). Salinity tolerance and salt gland excretion efficiency of bermudagrass turf cultivars. Crop Sci. 46 (6), 2571–2574. doi: 10.2135/cropsci2006.01.0027

 McNeill, J. (1979). Diplachne and Leptochloa (Poaceae) in north America. Brittonia 31 (3), 399–404. doi: 10.2307/2806134

 Meisner, C. F. (1843). Plantarum vascularium genera. (Leipzig: Weidmannia).

 Miller, K. G., Wright, J. D., and Fairbanks, R. G. (1991). Unlocking the ice house: Oligocene-Miocene oxygen isotopes, eustasy, and margin erosion. J. Geophys. Res. (B. Solid Earth) 96 (B4), 6829–6848. doi: 10.1029/90JB02015

 Mirarab, S., Reaz, R., Bayzid, M. S., Zimmermann, T., Swenson, M. S., and Warnow, T. (2014). ASTRAL: genome-scale coalescent-based species tree estimation. Bioinformatics 30 (17), i541–i548. doi: 10.1093/bioinformatics/btu462

 Muchut, S. E., Pilatti, V., Uberti-Manassero, N., Vegetti, A. C., and Reinheimer, R. (2017). Inflorescence diversity in subtribe eleusininae (Poaceae: Chloridoideae: Cynodonteae). Flora 228, 50–59. doi: 10.1016/j.flora.2017.01.004

 Muchut, S. E., Reutemann, A. G., Pilatti, V., Uberti Manassero, N. G., Vegetti, A. C., and Reinheimer, R. (2019). Uncovering the inflorescence evolution of eleusininae (Cynodonteae: Chloridoideae: Poaceae). Bot. J. Linn. Soc 192 (1), 208–223. doi: 10.1093/botlinnean/boz073

 Nunes, T. D. G., Zhang, D., and Raissig, M. T. (2020). Form, development and function of grass stomata. Plant J. 101 (4), 780–799. doi: 10.1111/tpj.14552

 Oi, T., Miyake, H., and Taniguchi, M. (2014). Salt excretion through the cuticle without disintegration of fine structures in the salt glands of rhodes grass (Chloris gayana kunth). Flora 209 (3), 185–190. doi: 10.1016/j.flora.2014.02.004

 Oross, J. W., and Thomson, W. W. (1982a). The ultrastructure of Cynodon salt glands: the apoplast. Eur. J. Cell Biol. 28 (2), 257–263. doi: 10.2307/2442890

 Oross, J. W., and Thomson, W. W. (1982b). The ultrastructure of the salt glands of Cynodon and Distichlis (Poaceae). Am. J. Bot. 69 (6), 939–949. doi: 10.1002/j.1537-2197.1982.tb13337.x

 Orton, L. M., Barberá, P., Nissenbaum, M. P., Peterson, P. M., Quintanar, A., Soreng, R. J., et al. (2021). A 313 plastome phylogenomic analysis of pooideae: exploring relationships among the largest subfamily of grasses. Mol. Phylogen. Evol. 159, 107110. doi: 10.1016/j.ympev.2021.107110

 Osborne, C. P., and Beerling, D. J. (2006). Nature's green revolution: the remarkable evolutionary rise of C₄ plants. Philos. Trans. R. Soc. B 361 (1465), 173–194. doi: 10.1098/rstb.2005.1737

 Pagani, M., Zachos, J. C., Freeman, K. H., Tipple, B., and Bohaty, S. (2005). Marked decline in atmospheric carbon dioxide concentrations during the paleogene. Science 309 (5734), 600–603. doi: 10.1126/science.11100

 Palmer, P. G., and Tucker, A. E. (1986). A scanning electron microscope survey of the epidermis of East African grasses, IV. Smithsonian contributions to Bot. 62, 120. doi: 10.5962/bhl.title.122494

 Peterson, P. M., Romaschenko, K., and Arrieta, Y. H. (2015). A molecular phylogeny and classification of the eleusininae with a new genus, Micrachne (Poaceae: Chloridoideae: Cynodonteae). Taxon 64 (3), 445–467. doi: 10.12705/643.5

 Peterson, P. M., Romaschenko, K., Barker, N. P., and Linder, H. P. (2011). Centropodieae and Ellisochloa, a new tribe and genus in chloridoideae (Poaceae). Taxon 60 (4), 1113–1122. doi: 10.1002/tax.604014

 Peterson, P., Romaschenko, K., and Herrera Arrieta, Y. (2016). A molecular phylogeny and classification of the cynodonteae (Poaceae: Chloridoideae) with four new genera: Orthacanthus, Triplasiella, Tripogonella, and Zaqiqah; three new subtribes: Dactylocteniinae, orininae, and zaqiqahinae; and a subgeneric classification. Taxon 65 (6), 1263–1287. doi: 10.12705/656.4

 Peterson, P. M., Romaschenko, K., and Herrera Arrieta, Y. (2017). Four new subtribes: Allolepiinae, jouveinae, kaliniinae, and sohnsiinae in the cynodonteae (Poaceae: Chloridoideae). Phytoneuron 44, 1–9. doi: 10.5281/zenodo.3497493

 Peterson, P. M., Romaschenko, K., and Johnson, G. (2010). A classification of the chloridoideae (Poaceae) based on multi-gene phylogenetic trees. Mol. Phylogen. Evol. 55 (2), 580–598. doi: 10.1016/j.ympev.2010.01.018

 Peterson, P. M., Romaschenko, K., Snow, N., and Johnson, G. (2012). A molecular phylogeny and classification of Leptochloa (Poaceae: Chloridoideae: Chlorideae) sensu lato and related genera. Ann. Bot. 109 (7), 1317–1330. doi: 10.1093/aob/mcs077

 Peterson, P. M., Webster, R. D., and Valdes-Reyna, J. (1997). Genera of new world eragrostideae (Poaceae: Chloridoideae). Smithsonian Contr. Bot. 87, 1–50. doi: 10.5479/si.0081024X.87

 Phillips, S. M. (1972). A survey of the genus Eleusine gaertn. (Gramineae) in Africa. Kew Bull. 27 (2), 251–270. doi: 10.2307/4109450

 Phillips, S. M. (1982). A numerical analysis of the eragrostideae (Gramineae). Kew Bull. 37 (1), 133–162. doi: 10.2307/4114733

 Pilatti, V., Muchut, S. E., Uberti-Manassero, N. G., Vegetti, A. C., and Reinheimer, R. (2018). Diversity, systematics, and evolution of cynodonteae inflorescences (Chloridoideae–poaceae). Syst. Biodivers. 16 (3), 245–259. doi: 10.1080/14772000.2017.1392371

 Pilatti, V., Muchut, S. E., Uberti-Manassero, N. G., Vegetti, A. C., and Reinheimer, R. (2019). Comparative study of the inflorescence, spikelet and flower development in species of cynodonteae (Chloridoideae, poaceae). Bot. J. Linn. Soc 189 (4), 353–377. doi: 10.1093/botlinnean/boy087

 Prieto-Baena, J. C., Hidalgo, P. J., Domínguez, E., and Galán, C. (2003). Pollen production in the poaceae family. Grana 42 (3), 153–159. doi: 10.1080/00173130310011810

 Qu, X. J., Michael, J. M., Li, D. Z., and Yi, T. S. (2019). PGA: a software package for rapid, accurate, and flexible batch annotation of plastomes. Plant Methods 15 (1), 1–12. doi: 10.1186/s13007-019-0435-7

 Ramadan, T. (2001). Dynamics of salt secretion by Sporobolus spicatus (Vahl) kunth from sites of differing salinity. Ann. Bot. 87 (2), 259–266. doi: 10.1006/anbo.2001.1326

 Ravi, V., Khurana, J. P., Tyagi, A. K., and Khurana, P. (2008). An update on chloroplast genomes. Plant Syst. Evol. 271 (1-2), 101–122. doi: 10.1007/s00606-007-0608-0

 Rousseau-Gueutin, M., Bellot, S., Martin, G. E., Boutte, J., Chelaifa, H., Lima, O., et al. (2015). The chloroplast genome of the hexaploid Spartina maritima (Poaceae, chloridoideae): comparative analyses and molecular dating. Mol. Phylogen. Evol. 93, 5–16. doi: 10.1016/j.ympev.2015.06.013

 Rovner, I. (1971). Potential of opal phytoliths for use in paleoecological reconstruction. Quat. Res. 1 (3), 343–359. doi: 10.1016/0033-5894(71)90070-6

 Saarela, J. M., Burke, S. V., Wysocki, W. P., Barrett, M. D., Clark, L. G., Craine, J. M., et al. (2018). A 250 plastome phylogeny of the grass family (Poaceae): topological support under different data partitions. PeerJ 6, e4299. doi: 10.7717/peerj.4299

 Sage, R. F. (2001). Environmental and evolutionary preconditionsfor the origin and diversification of the C4 photosynthetic syndrome. Plant Biol. 3 (3), 202–213. doi: 10.1055/s-2001-15206

 Sanderson, M. (2002). Estimating absolute rates of molecular evolution and divergence times: A penalized likelihood approach. Mol. Biol. Evol. 19 (1), 101–109. doi: 10.1093/oxfordjournals.molbev.a003974

 Smith, S. A., and O’Meara, B. C. (2012). treePL: Divergence time estimation using penalized likelihood for large phylogenies. Bioinformatics 28 (20), 2689–2690. doi: 10.1093/bioinformatics/bts492

 Snow, N. W. (1998). Phylogeny and systematics of leptochloa p. beauv. sensu lato (Poaceae: Chloridoideae) (St. Louis: Washington University).

 Somaratne, Y., Guan, D. L., Abbood, N. N., Zhao, L., Wang, W. Q., and Xu, S. Q. (2019). Comparison of the complete Eragrostis pilosa chloroplast genome with its relatives in eragrostideae (Chloridoideae; poaceae). Plants 8 (11), 485. doi: 10.3390/plants8110485

 Soreng, R. J., Peterson, P. M., Romaschenko, K., Davidse, G., Teisher, J. K., Clark, L. G., et al. (2017). A worldwide phylogenetic classification of the poaceae (Gramineae) II: an update and a comparison of two 2015 classifications. J. Syst. Evol. 55 (4), 259–290. doi: 10.1111/jse.12262

 Soreng, R. J., Peterson, P. M., Romaschenko, K., Davidse, G., Zuloaga, F. O., Judziewicz, E. J., et al. (2015). A worldwide phylogenetic classification of the poaceae (Gramineae). J. Syst. Evol. 53 (2), 117–137. doi: 10.1111/jse.12150

 Stebbins, G. L., and Shah, S. S. (1960). Developmental studies of cell differentiation in the epidermis of monocotyledons: II. cytological features of stomatal development in the gramineae. Dev. Biol. 2 (6), 477–500. doi: 10.1016/0012-1606(60)90050-6

 Stott, L. D., Kennett, J. P., Shackleton, N. J., and Corfield, R. M. (1990). The evolution of Antarctic surface waters during the paleogene: inferences from the stable isotopic composition of planktonic foraminifersProc. Ocean Drill Proj. Sci. Results 113, 849–863. doi: 10.2973/odp.proc.sr.113.187.1990

 Strömberg, C. A. E. (2011). Evolution of grasses and grassland ecosystems. Annu. Rev. Earth Planet. Sci. 39 (1), 517–544. doi: 10.1146/annurev-earth-040809-152402

 Stull, G. W., Duno de Stefano, R., Soltis, D. E., and Soltis, P. S. (2015). Resolving basal lamiid phylogeny and the circumscription of icacinaceae with a plastome-scale data set. Am. J. Bot. 102 (11), 1794–1813. doi: 10.3732/ajb.1500298

 Subudhi, P. K., and Baisakh, N. (2011). Spartina alterniflora loisel., a halophyte grass model to dissect salt stress tolerance. In Vitro Cell. Dev. Biol. - Plant 47 (4), 441–457. doi: 10.2307/23016693

 Taliaferro, C. M. (1995). Diversity and vulnerability of bermuda turfgrass species. Crop Sci. 35 (2), 327–332. doi: 10.2135/cropsci1995.0011183X003500020006x

 Teshome, G. E., Mekbib, Y., Hu, G., Li, Z.-Z., and Chen, J. (2020). Comparative analyses of 32 complete plastomes of tef (Eragrostis tef ) accessions from Ethiopia: phylogenetic relationships and mutational hotspots. PeerJ 8, e9314. doi: 10.7717/peerj.9314

 Twiss, P. C. (1992). “Predicted world distribution of C3 and C4 grass phytoliths,” in Phytolith systematics (Boston: Springer), 113–128.

 Twiss, P. C., Suess, E., and Smith, R. M. (1969). Morphological classification of grass phytoliths. Soil Sci. Soc Am. Proc. 33 (33), 128–131. doi: 10.2136/sssaj1969.03615995003300010030x

 Uribe-Convers, S., Carlsen, M. M., Lagomarsino, L. P., and Muchhala, N. (2017). Phylogenetic relationships of Burmeistera (Campanulaceae: Lobelioideae): combining whole plastome with targeted loci data in a recent radiation. Mol. Phylogen. Evol. 107, 551–563. doi: 10.1016/j.ympev.2016.12.011

 Vicentini, A., Barber, J. C., Alisioni, S. S., Gussani, L. M., and Kellogg, E. A. (2008). The age of the grasses and clusters of origins of C4 photosynthesis. Ann. Bot. 14 (12), 2963–2977. doi: 10.1111/j.1365-2486.2008.01688.x

 Wang, Y., Bi, X., and Zhong, J. (2022). Revisiting the origin and identity specification of the spikelet: A structural innovation in grasses (Poaceae). Plant Physiol. 190 (1), 60–71. doi: 10.1093/plphys/kiac257

 Wang, R., Liu, K., Zhang, X.-J., Chen, W.-L., Qu, X.-J., and Fan, S.-J. (2021). Comparative plastomes and phylogenetic analysis of Cleistogenes and closely related genera (Poaceae). Front. Plant Sci. 12 (414), 638597. doi: 10.3389/fpls.2021.638597

 Wang, R., Wang, X., Liu, K., Zhang, X.-J., Zhang, L.-Y., and Fan, S.-J. (2020). Comparative transcriptome analysis of halophyte Zoysia macrostachya in response to salinity stress. Plants 9 (4), 458. doi: 10.3390/plants9040458

 Warren, R. S., and Brockelman, P. M. (1989). Photosynthesis, respiration, and salt gland activity of Distichlis spicata in relation to soil salinity. Bot. Gaz. 150 (4), 346–350. doi: 10.1086/337780

 Watson, L., Clifford, H., and Dallwitz, M. (1985). The classification of poaceae: subfamilies and supertribes. Aust. J. Bot. 33 (4), 433–484. doi: 10.1071/BT9850433

 Watson, L., and Dallwitz, M. J. (1992). The grass genera of the world (Wallingford, Oxfordshire: CAB international).

 Wróbel, A., Nobis, M., and Nowak, A. (2017). Patterns of the lemma micromorphology: a useful tool in taxonomy of the middle Asian Eragrostis species (Poaceae). Bot. Lett. 164 (3), 253–262. doi: 10.1080/23818107.2017.1339293

 Wu, Z.-Q., and Ge, S. (2012). The phylogeny of the BEP clade in grasses revisited: evidence from the whole-genome sequences of chloroplasts. Mol. Phylogen. Evol. 62 (1), 573–578. doi: 10.1016/j.ympev.2011.10.019

 Younesi-Melerdi, E., Nematzadeh, G.-A., Pakdin-Parizi, A., Bakhtiarizadeh, M. R., and Motahari, S. A. (2020). De novo RNA sequencing analysis of Aeluropus littoralis halophyte plant under salinity stress. Sci. Rep. 10 (1), 9148. doi: 10.1038/s41598-020-65947-5

 Zachos, J., Pagani, M., Sloan, L., Thomas, E., and Billups, K. (2001). Trends, rhythms, and aberrations in global climate 65 ma to present. Science 292 (5517), 686–693. doi: 10.1126/science.105941

 Zachos, J. C., Röhl, U., Schellenberg, S. A., Sluijs, A., Hodell, D. A., Kelly, D. C., et al. (2005). Rapid acidification of the ocean during the Paleocene-Eocene thermal maximum. Science 308 (5728), 1611–1615. doi: 10.1126/science.1109004

 Zamin, M., Khattak, A. M., Salim, A. M., Marcum, K. B., Shakur, M., Shah, S., et al. (2019). Performance of Aeluropus lagopoides (mangrove grass) ecotypes, a potential turfgrass, under high saline conditions. Environ. Sci. pollut. Res. 26 (13), 13410–13421. doi: 10.1007/s11356-019-04838-3

 Zhang, R., Jiang, D., Ramstein, G., Zhang, Z., Lippert, P. C., and Yu, E. (2018). Changes in Tibetan plateau latitude as an important factor for understanding East Asian climate since the Eocene: a modeling study. Earth Planet. Sci. Lett. 484, 295–308. doi: 10.1016/j.epsl.2017.12.034

 Zhang, D., Li, K., Gao, J., Liu, Y., and Gao, L. Z. (2016). The complete plastid genome sequence of the wild rice Zizania latifolia and comparative chloroplast genomics of the rice tribe oryzeae, poaceae. Front. Ecol. Evol. 4, 88. doi: 10.3389/fevo.2016.00088

 Zhu, F. (2018). Chemical composition and food uses of teff (Eragrostis tef). Food Chem. 239, 402–415. doi: 10.1016/j.foodchem.2017.06.101



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Wang, Zhang, Guo, Xing, Qu and Fan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls.2022.1002724_cover.jpg
& frontiers | Frontiers in Plant Science

Plastid phylogenomics and
morphological character
evolution of Chloridoideae
(Poaceae)





OEBPS/Images/fpls-13-1002724-g005.jpg
Cynodonteae

eeapysoibess

seuiponojeinog
squiansiadns

ou:_:eaaa_._h— ejeuuidiq eAyoeisowsag G

3
o
S
s
S
2
2
3}

seplouyoediey ouyoedier
ounu spsoiberg

esoyd sisoibesg
sisusueyo spsoibesg
Jixneasep uobodesuug
oS eishoz

ejanew eisfoz

SIpp8) snjoqosods

oeaishoz Jspuelp snjoqoiods

snobaa snjogosods Q)

ejesjnoe sisdfin
snueluoiapeq snbel |
eojuodef eibiaquajynyy

sepiojfjoep enojajnog
sisuaulyo uobody

elel sjjosad
o] uip
equaq! siuuoyiepioy sioiod )

3300)A30eQ | wWnpdAbor wnusjooifoeq
snuuo _ ~

esouenbs sousbojsia|)
2oL0BUOS soUBBOJSIBND

Joouey sausbojsiol)

11eYeU “Jen [jaxory seusbojsIal)

sioesb souabojsiol)

elhydAjod seusbojsiery

18Ry “JeA IjeYoRY S8UBBOISIal)
B90BON)S8) SOUSBO)SIBND

sIsusuIyo seusbojsie|)

es0)idseed “JeA esojdsaes sausbojsia|)
esowei ‘JeA esojdseeo seuebojsie|n
‘Aou ds seuabojsie|o

eeuipodouniay | sisususs sndoinjey
eosny euyoeldiq

sisueLIyo eojyoojda]
eaojued eojyooyda]
exeyosal BIGaUIq

Boipul usnajg

BUEORIOD BUISNOJT

suades snimde]

Baipuy BOJYOCIIINY

snjeipes uopouso

uoiyoep uopouk
snAyoejsoyoyop uobodoisjug
epebuin sLoyo

ejequeq suoyo

BSOLWBORI BULIRIOY

eeeipodonue) | eonels eppodosus) ()

nebeny eibiequeyny

1pjosoy) snuuo Q)
uouoyoy snuuo

seplouyoediey suyoedier
Jounw sisosbesy
esojd sisoibesq
sisusuelo sisoibely
nixneasep uobodesuuz
eojuss eisfoz
ejjanew eisfoz
sipo) snjoqoiods
Jepuelp snjogosods
snowbuin snjogoiods
ejeajnoe sisdlin
snuejuosepeq snbesy.
eowodel eibiaquayny Q
1eBony eibiequeiyniy
sapiojfroep enojainog )
sisuauIyo uoBodi|
ejeuudiq eAyorIsowseq
— il sjosay

seapnsoibeiy

microhair with sharp-cap cell
microhair with round-cap cell

[J Absent

microhair
B well-proportioned equal-base-cell

@
e
=
a
L
k]
=

seaiskoz

aeuiponojeinog
aquignsiadns

[JAbsent

seujuoBoduy _

with non-constricted base —

[liong-base cell microhair = [l short equal-base-cell

eolpul sjosed

sjuLojiapIoy sposod 1

eeunu}o0|A30Rq | WhydAber wnusoofoeg

i _ IIpjoJoY) SNUO

BOLIOUIOXOY SNULIO

esouenbs seusbojsie|)

eoLoBuos seusbojsiel)

100UBY S8UBBOISION

ByeU “1eA 1jooRY SeUBBOISIBI)

sioesB souabosio))

ejiAydAjod seusbojsiel)

JBYoBY “JEA 19Y0BY SBUBBOISION)

eo0BONISE) SAUOBOISION

sisusuyo sausbojsIel)

esojidsaro “JeA esojidseed sauabolsiol)

BSOLWEI “1eA BSO)IdSORD SOUSBOJSIOND

*Aou “ds seusbojsio|)
eeupodouniay | sisusus sndoinjey
©osny suyoeldiq
sisuauyo eojyoojde]
eaojued eojyoo)da
exeyosjel eIgeuIq
eoipuy eusnejg
BUBORI0D BUISNBIT
suedes sninjde
BojpUI BOJYOOIOIN
smejpes uopouk)
uoifroEp UopoukD
snAyoessoyoljop uoBodosejus
ejebiin suojyD
ejequeq suojyD
ESOLWBORI BULORIOY

[21] eeeipodonua) | eone/s eppodosus ()

aquiqnsiadns

N\

Cleistogenes

o
©
2
€
I}
k4
o
€
>
(5]

with sharp-cap cell
with round-cap cell

Y

[ enneapogonoid tyj
[ long-base cell microhair

&
£
2
5
E
3
8
2
&
2
>
2
S

“, [ low-domed type

@
g
=
3
g
s
g
g





OEBPS/Images/fpls-13-1002724-g003.jpg
=1=33.286¢

551703

43

0.8008

—F

8.507

184219

3.9644

127762
70655

4.2447)

=f=14.8065

[—=—=—1s29.9753

3 833
3201

=f=7.9006

357

22.9816

#

7923

5084

14.474

6.8!

1697
.3219

8.5431

emnf:8,0662

11.6325

13 T —==FB0737

17.868

2362

60

50

40

50

Oligocene

30

086
o ————

267 Gtsbaenss ciens SN
5528 Ceistogenes hackelivar. nakai
3127 Clistogenes caespiosa var. caespiosa

19ag, Clistogenes sp.nov.
Aoy Gestogenes caospiosavas ramosa

267

fo.0363]iPogon bromoides

a7 Muhtenbergia ramosa

2.2698

20

Triodia chichesterensis

9195 Triodia lanigera

Trodia vanleeuweri
Triodia basedowii
Triodia scintillans
Triodia glabra
Triodia mallota
Triodia concinna
Triodia plurinervata
Triodia rigidissima
Triodia stipoides
Triodia longiceps
Triodia schinzii
Triodia wiseana
Triodia tomentosa
Orinus kokonorica
Orinus thoroldii

3315Clistogenes hancei

Geistogenes gracis
-2g”aemgenssmﬁw.hadmﬁ
R e

Cleistogel

Clistogenes songorica
Cleistogenes squarmsa
Perotis hordeiformis.

Perotis rara. supersub

Perofis indica :
Petsindea e GOUINIOd

Vaseyochioa mutinenvosa
'Dactyloctenium aegyptium I
Dactoctorium addons DACEY!
Cynodon dactylon
Cynodon radiatus
Eustachys glauca
Microchloa indica
Oxychlors scariosa
Leptuusrepens
Chioris barbata
Chloris virgata

Chlors truncata Eleusininae

Enteropogon dolichostachyus
Enteropogon ramosus
g9.4-eptochioa plurifora
Leptochioa virgata
505 Astrebialappacea
Astrebla pectinata
Dinebra retroflexa
Leptochioa panicea
Leptochioa chinensis
 3apEleusine coracana
Eleusine indica
Acrachne racemosa
Diplachne fusca
Aeluropus lagopoides
Aeluropus sinensis

“Tripogon chinensis
Oropetium aristatum
Tripogonela lliformis

Bouteloua dactyloides
Bouteloua gracils
Distichls bajaensis
Distichlis spicata

g:.waa““"’sm@ﬁ/wm supersubtribe

Muhlenbergia huegeli
Hilaria cenchroides
Hilaria rigida
3061 Tr29US berteronianus
902 Tragus mongolorum
Tragus australianus
‘Sporobolus helvolus
‘Sporobolus virginicus
Crypsis aculeata
Spartina mritima
‘Sporobolus michauxiarus
‘Sporobolus heterolepis
325 SPorobolus dlander
‘Sporobolus fertiis
Urochondra setulosa

Zoysieae

52, ot

7162 2oysia tenuifolia
Zoysia macrantha
Eragrostis minor
Eragrostistef
Eragrostis tenelluia
Harpachne harpachnoides
Eragrostis setifolia

Triodiinae

Boutelouodinae

Cynodonteae

e exes | ETagrostideae

Enneapogon oblongus
Enneapogon desvauxi
Nematopoa longipes
Triraphis molls
Neyraudia reynaudiana

cnmpedegas | Centropodieae

Cortaderia selloana

oannonacaionica | QUtgroup

Chionochloa macra





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Plastid phylogenomics and morphological character evolution of Chloridoideae (Poaceae)

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Taxon sampling, DNA extraction, and sequencing

          



          		

            Plastome assembly and annotation

          



          		

            Phylogenetic analysis

          



          		

            Divergence time estimations

          



          		

            Ancestral state reconstruction of Chloridoideae

          



        



        



        		

          Results

        

          		

            Features of Chloridoideae plastomes

          



          		

            Phylogenetic analysis

          



          		

            Divergence time estimations

          



          		

            Ancestral state reconstructions of Chloridoideae

          



        



        



        		

          Discussion

        

          		

            Features of Chloridoideae plastomes

          



          		

            Phylogenetic relationships within Chloridoideae and tribal delimitation

          



          		

            Phylogenetic relationships among subtribes and genera of Cynodonteae

          



          		

            Morphological character evolution

          

            		

              Inflorescence

            



            		

              Spikelet

            



            		

              Shape of stomatal subsidiary cell

            



            		

              Microhair

            



            		

              Shape of phytolith

            



          



          



        



        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-13-1002724-g001.jpg
34/0.67

9311

1901 0rinus

100/

100/1

8/1
%Dactylocteniinae

'supersubtribe
Gouiniodinae

100/1

100/1

100}

100/

100/1

721

100/ Aeluropodinae

supersubtribe
Boutelouodinae

3.0

100/1

100/1

100/1

50/0.8: Triraphis mollis
100/1 Nematopoa longipes
Neyraudia reynaudiana

Cortaderia sefloana
Chionochloa macra

0.006

100/1f Triodia chichesterensis
100/1} Triodia lanigera
51/0.62~, | Tijodia vanleeuwenii
100/1 ~[f Triodia scintillans
100s1] - Triodia basedowi
Triodia glabra
U L Triodia maliota
/1 Triodlia concinna
100/ Triodia plurinervata
% Triodia rigidissima
Triodia stipoides
Triodia longiceps
Triodia schinzii
Triodia wiseana
Triodia tomentosa
100/1 Orinus thoroldii
Orinus kokonorica
o7/1~ Cleistogenes hackeliivar. nakaii
99/1 +| Cleistogenes chinensis
66/0.98 <] Cleistogenes caespitosa var. caespitosa
38/0.54 - Cleistogenes hancei
g9/1| Cleistogenes gracilis
9711~[} Cleistogenes polyphylla
1 ) Creistogenes hackelivar. hackeli
istogenes festucacea
Cleistogenes sp. nov.
Cleistogenes caespitosa var. ramosa
Cleistogenes songorica
Cleistogenes squarmosa

68/0.74
100,

100/1[100/1
100

45/0.9!

Triodiinae
100/1;

81/1

100/1
100/1

Cleistogenes
34/0.67

Perotis rara
Perotis hordeiformis . o
Peroisindica ~ supersubtribe Gouiniodinae

Trichoneura grandiglumis

100/1
1,

%8/1 Vaseyochloa multinervosa

100/1 Dactyloctenium radulans
Dactyloctenium aegyptium
100/1) Cynodon dactylon
Cynodon radiatus
Eustachys glauca
Oxychloris scariosa
Microchloa indica

100/1
100/1

100/1

Lepturus repens
100/4— Chioris barbata
Chloris virgata
Chloris truncata
Enteropogon dolichostachyus
Enteropogon ramosus
Leptochloa virgata
Leptochloa plurifiora
00/1 Astrebla pectinata
Astrebla lappacea
Leptochloa panicea
Dinebra retrofiexa
Leptochloa chinensis
100/1 Eleusine coracana
Eleusine indica
Acrachne racemosa
Diplachne fusca
Aeluropus lagopoides
Aeluropus sinensis

B, 8/

10011 00

400/1
90/

aeajuopouin

39/0.75) Q0

35/0.6°

100/1

100/1j100/1

100/1
100/1

100/

Eleusininae

1
100/1

Tripogon bromoides
00 Tripogon chinensis
0, Oropetium aristatum
Tripogonella loliiformis
Halopyrum mucronatum
Melanocenchris abyssinica
Desmostachya bipinnata
100/1)

1001
10071100

98/1

Bouteloua dactyloides
-Bouteloua curtipendula
Bouteloua gracilis
Distichlis spicata
Distichlis bajaensis
100/1) Muhlenbergia ramosa
00 Muhlenbergia japonica
Muhlenbergia huegelii
Hilaria rigida
Hilaria cenchroides
Tragus mongolorum
Tragus berteronianus
Tragus australianus
Sporobolus michauxianus
Spartina maritima
Sporobolus heterolepis
‘Sporobolus helvolus
Sporobolus virginicus
Crypsis aculeata
100/~ Sporobolus diander
Sporobolus fertilis

21
100/1

14o/1

49/p|98|

100/7 0

100/

100/1 supersubtribe Boutelouodinae

100/1}

Zoysieae

Urochondra setulosa
100/1y Zoysia matrella
49/0.77f! Zoysia tenuifolia
100/1| Zoysia macrantha
A Lo iones
Zoysia sinica
52/0.85”L 7oysia macrostachya
100/1 Hampachne hampachnoides
100/1 Eragrostis tenellula
100/1] 1bo/t Eragrostis minor
Eragrostis tef
10001 Eragrostis setifolia
Uniola paniculata

00
100/1

100/1

Eragrostideae

100/1

[Enneapogon oblongus

[Enneapogon caenilescens
Enneapogon desvauxii

| Triraphideae

cenroposageca 1 Centropodieae
Danthonia californica
| outgroup





OEBPS/Images/fpls-13-1002724-g006.jpg
Cynodonteae

saplouyoediey suyoedier

Jouiw snisosbelq

aeapiysolbeig esojid sisosbeiq
sisusuelio sisoibelg
xneasap uobodesuuz ()
eoluIS eisfoz

gjjesjew eisfoz

SIjIu8y snjoqoJods
Jspuelp snjoqolods
snojuibiin snjoqosods
ejeajnoe sisdfin
snuejuosapeq snbeJj
seuiponojejnog eojuodef eibuaquaynyy
aquiqnsiadns njebeny eibiaquaynyy
saplojfjoep enojeinog

ecujuoBodyy — sisuauiyo uobodu |
ejeuuldiq eAyoejsowsaqg

eJel sjjoied

ealpul shjolod
siuuojleploy sioied
seulusyoolfyoeq | wnydfbee wniusiooifioeg
lipjoJoy) snulio
BOLIOUOX0Y SNULIO
esosenbs sausbojsio|n)

eoLobuos sausbojsia|)

190Uy SBUBDO}SIBID

exyeu “Ien Jijaxoey seusbojsia|D

sijioelb sausbojsia|)

el|AydAjod seusbojsisi)

exeu “Ien Jijaxoey seusbojsia|D
BooRON)SO) SaUBbO)SIo|D

SIsuauiyo sausbojsio|)

©s0}I1dsaed “JeA esojidserd sausbojsio|)
esoweJ "Jen esojidsero sausbojsio|)
‘Aou “ds sausbojsia|)

seuipodounjay | sisusurs sndoinjey
eosny suyoeydig

SIsusuIyo eojyoojde]
eaolued eojyoojdey
exajjoljal eiqaulg

eOIpUI BUISNS|T

BURORIOD BUISNd[F

suadaJ sninjde]

BOIPUI BOJYO0IOIN

snjeipes UOPOUAD

uojfyoep uopoufd
snAyoejsoyoljop uobodossjug
ejebuin suojyD

ejeqieq suoyD

esowaoe. suyoe.IoYy
aealpodonua) | eone;b ejpodosjus ()

two-lobed with no

. [ obvious rod-like
structure

aealsfoz

- == = []short dumbbell type with round lobes

aeulpoluinog
aquignsiadns

snuuQ —

istogenes

Cle

ininae

Eleus

[1Absent






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-1002724-g002.jpg
100

[100]

63 Triodia chichesterensis
65 Triodia lanigera
40] Triodia vanleeuwenii
40 98, Triodia basedowii
100! o Triodia scintillans
59| Triodia mallota
Triodia glabra
63/ Triodia concinna
42 40, Triodia rigidissima 3 =
48 Triodia plurinervata Triodiinae
Triodia tomentosa
100} Triodia stipoides
38, Triodia wiseana
98 100] Triodia longiceps
Triodia schinzii
100, Orinus thoroldii
Orinus kokonorica
50 Cleistogenes hackelii var. hackelii
25 Cleistogenes festucacea
19 39 Cleistogenes polyphylla
36 Cleistogenes chinensis
41 Cleistogenes hancei
95 18 Cleistogenes hackelii var. nakaii
78| Cleistogenes gracilis
70 Cleistogenes caespitosa var. caespitosa
gle/'stogenes songorica
100 97 leistogenes sp. nov. i
Cleistogenes caespitosa var. ramosa CIeIStOg enes
Cleistogenes squarrosa
100y Cynodon dactylon
7 99 Cynodon radiatus
56 Eustachys glauca
94 Oxychloris scariosa
Microchloa indica
13 Lepturus repens
100 100 Enteropogon dolichostachyus
100| Chloris truncata
48 100, Chloris virgata
Chloris barbata
Enteropogon ramosus
100! 100 Astrebla lappacea
45’ Astrebla pectinata
100y Leptochloa plurifiora P
51 Leptochloa virgata Eleusininae
80| 100; Dinebra retroflexa
58] 36| 100 Leptochloa panicea
Leptochloa chinensis
100) 100 Eleusine coracana
Eleusine indica
37 Acrachne racemosa
Diplachne fusca
100, Aeluropus lagopoides
Aeluropus sinensis
1 8: Perotis hordeiformis
Perotis rara
87 9% 100 Perotis indica
Trichoneura grandiglumis
44 Vaseyochloa multinervosa =
100 Dactyloctenium aegyptium
Dactyloctenium radulans
100 Tripogon chinensis
_WO{_: Tripogon bromoides
65 100] Oropetium aristatum
Tripogonella loliiformis
100] Melanocenchris abyssinica
100 _81: Halopyrum mucronatum
Desmostachya bipinnata
100 Bouteloua dactyloides
100] Bouteloua curtipendula
60l Bouteloua gracilis
75| 100 Distichlis spicata
Distichlis bajaensis
100| 100, Hilaria rigida
Hilaria cenchroides
99 Muhlenbergia japonica = <
96| 100, Muhlenbergia ramosa supersubtribe Boutelouodinae
Muhlenbergia huegelii
100 83 Tragus mongolorum
100 Tragus berteronianus
Tragus australianus
100y Sporobolus michauxianus
100] Spartina maritima
100 Sporobolus heterolepis
100, Sporobolus virginicus
97 100) Sporobolus helvolus
- Crypsis aculeata -
100 Sporobolus fertilis
Sporobolus diander Z oys I e a e
99| Urochondra setulosa
100| 57, Zoysia tenuifolia
31 Zoysia matrella
35 Zoysia macrostachya
100| 40 Zoysia sinica
Zoysia macrantha
Zoysia japonica
100, Eragrostis tenellula
100] Harpachne harpachnoides
400 100 100 Eragros;/:s tef -
ragrostis minor
100 Eragrostis setifolia E I'ag I'OSt l d e ae
100 Uniola paniculata
100 Enneapogon oblongus
100 Enneapogon caerulescens
Enneapogon desvauxii
95 Triraphis mollis - -
100 Neyraudia reynaudiana Tr|raph|deae
Nematopoa longimes -
Centropodia glauca 1 Cee ntrO Od leae
100 Danthonia californica

Chionochloa macra

Cortaderia selloana

| outgroup

3.0

aeajuopouln





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-13-1002724-g004.jpg
Cynodonteae

saplouyoediey suyoedieH
Joupus sisoibelq

esoyid spsolbeig
sisuauelio sysolbelg
nxneasep uobodesuuzy
eouIs eisfoz

ejjasew eisfoz

IxneAsap snjoqoiods
seaisfoz Jepuelp snjoqoiods
snojuiBia snjogoiods

ejeajnoe sisdin

snuejuosepsq snbeiy

seuiponojaynog |  Eoodel eibiequajynpy
squignsiadns | /186Ny eibisqualyn
sepjojjoep enojejnog

sisuaulyo uobodu |

seuuoBoduy _ ejeuudiq eAyoejsowseq

— eses sjosad

eeappsoibesy

deujpoumnon eojpUy SHOIBY
sauansiedns o, 00n104 sposey
aseunuajoolXoea | wnydibse wnusiooihioeg
IpjoIoY} SNULQ
©0LIOUOYOY SNULO
esouenbs sauabojsia|)

eouobuos seuabojsie))

100UBY SOUSBO)SIBD)

exeu " yjaxoey sausbiojsiel

sijoelb seusbojsiof)

ejjAydAjod ssusbojsia|

1eoRY “1en jaxoey seusbojsiel)
ea0RON)SO) SOUBBOISIBND)

sisueuIyo seusbojsiel)

©s0}/dsae “JeA esojidsaro seusbo)sie|)
esowes "JeA esojdsard sauabojsiol
*Aou “ds sauabolsia|)

seuipodounjay | susuis sndainjay
eosny auyoeldiq

sisuauiyo eojyoo)da]
eaojued eojyooyda]
exajjosjal eigaUIq

I ENEE]

©eURORI0D BUISNE|T

suadas snunjda

2OIPUI BOJYOCIOIN

smjejpes uopoud

uojfoep uopousD
snAyoejsoyoijop uobodoisjuz
ejebliA suojyD

ejequeq SLOYD

©SOW0.I BUYORIOY
asealpodonjua) | eoneyb eipodoyuay

snuuo _

Cleistogenes

Eleusininae

)
o=
=
&

@
4

2

-4

3

b

5

3

2

8

g

£

7777 §
8

2

S

=

§

3

@
4]
E
5]
<]
o
ki
o
@
@
8
a
E
<]
3
2
B
c
I
a

[l raceme

:

[ panicle

[J Absent

N

Cynodonteae

saplouyoediey suyoedieH
Joulw sisoibeig
esojid sysoibesg
sisuauelo sysoibesg
lixneasep uobodesuus
eojuIs eishoz

gjjasjew eishoz

Sijipej snjogoiods
Japuelp snjogosods
snouiBiia snjogoiods
ejeajnoe sisdAiy
snuejuoiapeq snbeij
eojuodef eibraquaynyy
njebeny eibiequaynyy
seplojAjoep enojainog

sisuauiyo uobod|
seuuoBoduy _ ejeuuidiq eAyoejsowsag

eeapysoibeig

aealshoz

seuiponojaynog
aquignsiadns

eiel sjoiad
@eulpoluinon _ BOIpUI SHOISH
equiansiedns | o, 0an104 syosed

@eunuajoolfyoeq | wnydibee wnuspoifioeq
11pjo10yy SNULIQ
BOLIOUOXOY SNULQ
esolienbs sauabojsisj)

eouobuos sauabojsio|)

100URY S8UBBOJSIBD

1eYeU “JeA [ijeyory sausbojsia)

sijioe.B seusbojsiajn

eljiAydAjod sauabojsiaj)

ooy “JeA jexyoey seusbojsial)
©8020N)S8) SOUSBOISIAND

sisusuyo sausbojsia))

esoydsoeo “1eA esojdsaro sausbojsie))
esowe, “JeA eso)jdsaed sauabojsia))
“Aou “ds sauabojsia|)

seuipodouniay | sisusuis sndoinjey
oSNy suyoEdlg

SisuauIyo eojyoojda
eeoued eojyoojde]
exayjosjel e1qauiqg

eojpuy euIsnajg

euLORI00 BUISNAF

suadai snunjda]

BOIPUI BOJYIOLOIN

snjeipes uopouA)

uojfjoep uopouk)
snAyoejsoyaijop uobodossjug
ejebuin suojy)

ejeqieq sLojyD

£SOWaoR) ULORIOY
odonyuag | eonelb ejpodous)

snuuo —

Cleistogenes

Eleusininae

[J1Absent






OEBPS/Images/table1.jpg
Taxa

Acrachne racemosa
Bouteloua dactyloides
Crypsis aculeata
Cynodon radiatus
Desmostachya bipinnata
Dinebra retroflexa
Diplachne fusca
Enneapogon desvauxii
Enteropogon dolichostachyus
Leptochloa chinensis
Leptochloa panicea
Lepturus repens
Microchloa indica
Mubhlenbergia huegelii
Muhlenbergia japonica
Mubhlenbergia ramosa
Orinus thoroldii
Perotis hordeiformis
Perotis indica

Perotis rara
Sporobolus diander
Sporobolus fertilis
Sporobolus virginicus
Tragus berteronianus

Tragus mongolorum

Locality

Hainan, China
Beijing, China
Shandong, China
Hainan, China
Hainan, China
Shandong, China
Shandong, China
Inner mogolia, China
Yunnan, China
Guangdong, China
Shandong, China
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